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I.  Objectives 

The  objective  was  to  demonstrate  very  high  efficiency,  low  cost  organic  solar  cells  on 
flexible  substrates  based  on  vapor-deposited  thin  film  organic  semiconductors.  Our  goal 
is  to  obtain  solar  power  conversion  efficiencies  of  >10%  --  a  value  without  precedent  in 
over  30  years  of  science  and  engineering  targeted  at  achieving  practical  organic  solar 
energy  conversion  devices. 

A  further  objective  is  to  demonstrate  an  electrically  pumped  organic  thin  film  laser,  again 
based  on  vapor-deposited  molecular  organic  materials.  The  motivation  for  this 
investigation  is  the  temperature  independent  wavelength  and  threshold  characteristics  of 
organic  lasers.  We  will  pursue  two  very  promising  and  innovative  approaches: 
employing  high  Q  cavities  where  electrically  pumped  polaritons  are  generated,  and  the 
use  of  high  intensity  OLEDs  to  pump  a  low  threshold  light  emitting  film  positioned  in  an 
integrated  optical  cavity. 


II.  Significant  Accomplishments 

In  the  field  of  organic  thin  film  solar  cells,  AFOSR  funding  has  helped  to  propel  our 
group  into  a  world  leadership  position.  This  is  apparent  through  the  number  of  keynote, 
plenary  and  invited  presentations  that  we  have  made  on  this  subject  at  international 
meetings  over  the  life  span  of  this  program.  Also,  all  high  efficiency  organic  cells 
currently  being  demonstrated  in  other  laboratories,  worldwide,  employ  either  double 
heterj unctions  or  tandem  cells,  both  of  which  were  first  demonstrated  in  our  laboratories. 

Our  work  has  led  to  many  breakthrough,  foundation  technologies  in  the  area  of  organic 
photovoltaics  (OPV),  including  in  the  generation  of  new  and  useful  device  architectures, 
understanding  of  the  limiting  factors  to  their  performance,  and  in  high  volume  film 
growth  technologies  based  on  organic  vapor  phase  deposition.  Among  the  highlights  are 
the  following: 

1.  We  introduced,  and  demonstrated  a  novel,  dual  tandem  cell  configuration,  and 
reported,  record  high  solar  power  conversion  efficiencies  of  5.7%  under  1  sun 
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intensity,  AM1.5G  simulated  solar  radiation  (no  spectral  correction).  The  cell  fill 
factor  exceeded  0.6,  and  Voc>lV  was  obtained,  making  this  device  competitive 
with  inorganic,  amorphous  Si  solar  cells. 

2.  We  introduced  and  demonstrated  several  new  cell  architectures,  including  the 
hybrid  planar  mixed  cell  employing  the  CuPc/C6o  materials  system,  achieving  5% 
power  conversion  efficiency  (no  spectral  correction). 

3.  We  introduced  the  first  bulk  heterojunction  structure  in  small  molecular  weight 
organic  materials  system.  The  so-called  “controlled  bulk  HJ”,  grown  by  our 
proprietary  technology  of  organic  vapor  phase  deposition,  increased  the  efficiency 
of  the  “traditional”  CuPc/PTCBI  system  from  1%  power  conversion  efficiency 
(PCE),  to  2.7%. 

4.  We  introduced  the  first  all-organic  nanocrystalline  bulk  HJ,  again  grown  by 
OVPD,  achieving  4.7%  PCE  (with  solar  correction),  in  demonstrating  a  bulk 
heterojunction  cell  based  on  small  molecular  weight  materials  using  controlled 
growth  of  the  heterojunction  by  organic  vapor  phase  deposition. 

5.  We  introduced  new  materials  and  structures  leading  to  the  highest  reported 
efficiencies  in  the  near  infrared  spectral  regions  based  on  CuPc  and  SnPc 
combinations.  After  the  close  of  this  program,  this  work  led  to  the  first 
demonstration  of  the  multiple  donor,  “simultaneous  HJ”  organic  solar  cell 
structure. 

6.  Demonstration  of  high  open  circuit  voltage  organic  PV  cells  based  on  a  new  class 
of  acceptor  molecules:  the  sub  phthalocyanines. 

7.  We  determined  the  fundamental  origins  of  the  low  open  circuit  voltage  typically 
observed  in  OPV  cells,  which  is  the  largest  source  of  loss  of  efficiency  in  these 
cells. 

In  the  area  of  lasers,  we  have  focused  on  the  use  of  polariton  emission  as  the  route  to 
coherent  emission  with  the  largest  potential  for  success.  In  particular,  our  work  has 
resulted  in  the  following  demonstrations  and  findings: 

1.  The  first  successful  demonstration  of  strong  coupling  for  a  small  molecular 
weight  material  in  an  optical  microcavity.  This  was  accomplished  with  a  neat 
film  of  NTCDA  inserted  into  a  microcavity.  The  very  large  Rabi  splittings 
suggest  that  this  approach  may  be  fruitful  for  eventually  reaching  lasing  in  such  a 
cavity. 

2.  We  demonstrated  the  strong  coupling  in  organic  phosphors  could  be  used  to 
measure  the  rate  of  critical  transitions.  In  our  case,  we  used  it  to  measure  the 
intersystem  crossing  rate  in  PtOEP. 

3.  We  demonstrated  the  first  strong  coupling  between  a  Frenkel  exciton  (in 
tetraphenyl  porphorin)  and  a  Wannier  Mott  exciton  (in  InGaP).  This  hybrid 
quasi-particle  opens  the  door  to  obtaining  coherent  emission  through  the  electrical 
pumping  of  the  inorganic  material,  and  then  transferring  energy  between  the 
inorganic  and  organic  sections  of  the  microcavity.  This  demonstration  may 
eventually  lead  to  single  photon  lasing. 

4.  We  introduced  a  potential  new  means  to  induce  coherent  emission  in  electrically 
pumped  organic  thin  films  through  the  production  of  field-stabilized  optically 


generated  geminate  polaron  pairs.  This  is  analgous  to  Q-switching  in 
conventional  laser  technologies,  in  that  an  inverted  population  is  built  up  and  then 
is  allowed  to  recombine  to  result  in  a  high  density  of  photons  exceeding  threshold. 

Accomplishments/New  Findings 

Highlights  of  the  research  accomplishments  listed  above  in  OPV  and  organic  lasing  are 
provided  in  the  ATTACHMENT.  These  details  are  presented  in  select,  publish  papers 
fully  detailing  our  results.  A  full  listing  of  published  results  is  provided  in  Sec.  IV. 
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IV.  Consulting  with  AF  Labs 

Several  discussions  were  held  with  Mike  Gerhold  and  Paul  Haugssen  at  AFRL  to  determine  the 
type  of  solar  cell  samples  that  aree  needed  for  their  testing  applications. 

V.  Transitions 

Throughout  this  program  we  have  had  close  interactions  with  two  companies  who  are  attempting 
to  bring  to  commercialization  the  results  of  our  research.  These  are  Universal  Display 
Corporation  (lasers),  with  the  POC  Dr.  Julie  Brown,  CTO  of  the  corporation;  and  Global 
Photonic  Energy  Corporation  (solar  cells),  with  the  POC  Mr.  Aaron  Waddell,  President  of  the 
corporation.  Both  entities  are  direct  spin  offs  from  the  laboratory  of  the  PI.  and  have  therefore 
had  a  long  standing  and  productive  relationship  that  makes  technology  transition  particularly 
simple.  All  IP  generated  in  this  program  is  exclusively  licensed  to  these  two  companies  through 
prior  agreements  with  Princeton  University.  In  addition,  we  have  worked  closely  with  Aixtron 
AG  who  is  manufacturing  OVPD  tools  for  use  by  the  organic  electronics  (in  particular  for 
display  production)  industry.  We  have  acted  as  advisors  to  help  design  both  manufacturing  and 
laboratory  scale  OVPD  tools. 

VI.  New  Discoveries 

Several  patent  disclosures  and  filings  have  been  made  in  the  course  of  this  program.  These  are 
provided  separately  due  to  their  confidential  nature.  Patents  issued  in  the  areas  investigated 
during  the  course  of  the  program  are  listed  below.  We  note  that  all  patents  listed  are  only  those  k 
granted  from  the  USPTO.  However,  all  are  filed  internationally,  and  at  this  time  many  of  those 
international  filings  have  also  resulted  in  granted  patents.  All  patents  have  been  licensed  to 
either  UDC  and/or  GPEC.  All  contained  technologies  have  been  successfully  transitioned. 
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Organic  electronics  are  beginning  to  make  significant  inroads  into  the  commercial  world,  and  if  the  field  continues  to  progress  at 
its  current,  rapid  pace,  electronics  based  on  organic  thin-film  materials  will  soon  become  a  mainstay  of  our  technological 
existence.  Already  products  based  on  active  thin-film  organic  devices  are  in  the  market  place,  most  notably  the  displays  of  several 
mobile  electronic  appliances.  Yet  the  future  holds  even  greater  promise  for  this  technology,  with  an  entirely  new  generation  of 
ultralow-cost,  lightweight  and  even  flexible  electronic  devices  in  the  offing,  which  will  perform  functions  traditionally 
accomplished  using  much  more  expensive  components  based  on  conventional  semiconductor  materials  such  as  silicon. 


nterest  in  organic  electronics  stems  from  the  ability  to  deposit 
organic  films  on  a  variety  of  very-low-cost  substrates  such  as 
glass,  plastic  or  metal  foils,  and  the  relative  ease  of  processing 
of  the  organic  compounds  that  are  currently  being  engineered 
by  hundreds  of  chemists.  The  most  advanced  organic  elec¬ 
tronic  systems  already  in  commercial  production  are  high- 
efficiency,  very  bright  and  colourful  thin  displays  based  on  organic 
light-emitting  devices'  (OLEDs).  Significant  progress  is  also  being 
made  in  the  realization  of  thin-film  transistors2^*  (TFTs)  and  thin- 
film  organic  photovoltaic  cells5-8  for  low-cost  solar  energy  genera¬ 
tion.  Yet  the  ultimate  test  of  this  technology  lies  less  in  the  reliability 
and  performance  of  the  organic  components,  which  in  some  cases 
has  already  approached  or  even  exceeded  the  requirements  of  a 
particular  application,  but  rather  in  the  ability  to  manufacture 
products  at  very  low-cost.  Although  the  cost  of  the  organic  materials 
used  in  most  thin-film  devices  is  low,  in  electronics  the  materials 
cost  rarely  determines  that  of  the  end  product,  where  fabrication 
and  packaging  costs  typically  dominate.  Hence,  the  successful 
application  of  this  interesting  materials  platform  will  depend  on 
|  capturing  its  low-cost  potential  through  the  innovative  fabrication 
of  devices  on  inexpensive,  large-area  substrates. 

This  suggests  that  conventional  semiconductor  device  fabrication 
technologies  need  to  be  adapted  to  handle  the  large-area  substrates 
spanned  by  organic  macroelectronic  circuits,  and  to  be  compatible 
with  the  physical  and  chemical  properties  of  these  fascinating 
compounds.  Also,  solids  based  on  organic  compounds  are  typically 
bonded  by  weak  van  der  Waals  forces  that  decrease  as  UR6,  where  R 
is  the  intermodular  spacing.  This  is  in  contrast  to  inorganic 
semiconductors  that  are  covalently  bonded,  whose  strength  falls 
off  as  UR2.  Hence,  organic  electronic  materials  are  soft  and  fragile, 
whereas  inorganic  semiconductors  are  hard,  brittle,  and  relatively 
robust  when  exposed  to  adverse  environmental  agents  such  as 
moisture  and  the  corrosive  reagents  and  plasmas  commonly  used 
in  device  fabrication.  The  apparent  fragility  of  organic  materials  has 
also  opened  the  door  to  a  suite  of  innovative  fabrication  methods 
that  are  simpler  to  implement  on  a  large  scale  than  has  been  thought 
possible  in  the  world  of  inorganic  semiconductors.  Many  processes 
involve  direct  printing  through  use  of  contact  with  stamps,  or 
alternatively  via  ink-jets  and  other  solution-based  methods. 

Here  I  describe  several  recent  advances  in  organic  electronic 
devices,  focusing  particularly  on  the  specialized  processing  tech¬ 
niques  used  in  their  realization.  The  discussion  begins  with  a 
description  of  the  unique  electronic  and  optical  properties  of 
organic  materials  that  make  them  interesting  as  technological 
substances.  This  is  followed  by  a  discussion  of  the  methods  of 
film  deposition  and  patterning  using  techniques  that  have  been 


developed  to  maintain  the  very  low  costs  inherent  in  these  material 
systems.  The  promise  of  organic  electronics  through  the  production 
of  ubiquitous,  low-cost  and  robust  devices  filling  niches  not 
occupied  by  silicon-based  electronics  should  become  readily  appar¬ 
ent  through  the  understanding  of  the  unique  properties  that 
characterize  these  potentially  high-performance  materials. 


Like  all  organic  materials,  organic  semiconductors  are  carbon-rich 
compounds  with  a  structure  tailored  to  optimize  a  particular 
function,  such  as  charge  mobility  or  luminescent  properties. 
Organic  electronic  materials  (Fig.  1)  can  be  classified  into  three 
categories:  ‘small  molecules’,  polymers  and  biological  materials. 
‘Small  molecule’  is  a  term  broadly  used  to  refer  to  those  compounds 
with  a  well-defined  molecular  weight.  The  material  shown,  Pt- 
octaethylporphyrin  (PtOEP),  is  a  metallorganic  complex  that  has 
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Figure  1  Various  types  of  organic  electronic  materials,  ranged  in  order  of  increasing 
complexity  from  left  (simplest)  to  right  (most  complex).  Monomeric  compounds  (left), 
typified  by  the  metallorganic  phosphor  PtOEP  shown  here,  are  single  compact 
molecular  units  with  a  well-defined  molecular  weight  that  are  generally,  although  not 
always,  deposited  in  vacuum.  Dendrimers  are  larger  variants  of  small-molecular- 
weight  compounds.  Next  in  complexity  are  polymers  (centre),  forming  chains  of 
repeating  monomeric  units.  The  chains  are  not  of  a  well-defined  length,  and  thus  their 
molecular  weight  varies  over  a  considerable  range.  Polymers  are  generally,  although 
not  always,  deposited  from  liquid  solution.  Finally,  the  most  complex  materials  are  of 
biological  origin  (right),  consisting  of  proteins  and  strands  of  DNA.  Currently,  there  are 
no  clear  demonstrations  of  the  utility  of  these  complex  structures  for  use  in  electronic 
applications. 
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been  optimized  to  provide  deep  red  phosphorescent  emission  when 
placed  in  an  OLED9.  Other  small-molecular-weight  materials 
include  low-generation  dendrimers  and  other  oligomers10,11.  In 
contrast,  polymers  are  long-chain  molecules  consisting  of  an 
indeterminate  number  of  molecular  repeat  units.  The  molecule 
shown  is  poly(p-phenylene  vinylene),  or  PPV.  Like  PtOEP,  PPV  is  an 
emissive  organic  semiconductor  used  in  OLEDs'2-14.  At  the  high  end 
of  the  complexity  scale  are  organic  materials  of  biological  origin  (in 
contrast  to  PtOEP  and  PPV,  which  are  synthetic).  As  yet  there  are  no 
clear  applications  that  exploit  the  optical  or  electronic  properties  of 
these  most  complicated  structures,  although  considerable  investi¬ 
gation  into  the  understanding  and  utilization  of  photosynthetic 
complexes  is  currently  under  way15,16.  This  Review  concerns  only 
monomeric  and  polymeric  materials,  as  they  are  in  the  most 
advanced  state  of  development  for  electronic  and  photonic 
applications. 

Although  much  emphasis  has  been  placed  on  the  differences 
between  the  properties  of  small-molecular-weight  organic  thin 
films  and  polymers  for  organic  electronic  applications,  there  are 
in  general  more  similarities  than  differences  in  both  their  electronic 
and  optical  properties,  with  the  main  distinction  being  in  the 
methods  of  thin-film  deposition  and  device  preparation.  In  both 
polymers  and  small  molecules,  the  excitonic  state  dominates  their 
optical  properties17.  Here,  an  exciton  is  a  molecular  excited  state 
that  is  mobile  within  the  solid— that  is,  it  can  hop  from  molecule  to 
molecule,  or  in  the  case  of  polymers,  from  chain  to  chain  as  well  as 
along  the  polymer  backbone  until  it  recombines,  generating  either 
light  (in  a  radiative  process)  or  heat  (under  non-radiative  circum¬ 
stances).  The  most  dominant  species  in  organic  electronic  devices  is 
the  Frenkel  exciton — a  tightly  bound  (~l-eV  binding  energy) 
electron-hole  pair  that  is  generally  localized  on  a  single  molecule 
at  a  time1*.  In  addition,  in  highly  ordered  molecular  crystals,  more 
weakly  bound  charge-transfer  (CT)  excitons  are  found  in  the  optical 
spectra.  These  equally  mobile  states  are  generally  spread  over  one  or 
more  neighbouring  molecules,  and  owing  to  their  larger  diameters, 
are  more  weakly  bound  (~  10-100  meV)  than  Frenkel  states. 

Similarly,  charge  carrier  (electron  or  hole)  transport  can  occur  via 
hopping  between  molecular  sites,  or  from  chain  to  chain.  In  this 
case,  the  carrier  mobilities  are  quite  low  compared  with  inorganic 
semiconductors  whose  room  temperature  values  typically  range 
from  100  to  104cm2V~1s“I  (ref.  19).  In  contrast,  in  highly  ordered 
molecular  materials  where  charges  hop  between  closely  spaced 
molecules  forming  a  crystalline  stack,  mobilities  of 
H  **  lcm2V-ls_l  have  been  observed  at  room  temperature20-22. 
This  apparently  is  an  approximate  upper  bound,  with  the  mobility 
ultimately  limited  by  thermal  motion  between  neighbouring  mol¬ 
ecules.  In  more  disordered  molecular  systems  and  polymers,  the 
mobilities  are  only  10-3  to  10~5  times  this  upper  limit23-25. 
However,  deposition  (generally  by  spinning)  of  polymers  onto 
substrates  prepared  by  rubbing  or  other  ‘direction-inducing’  pro¬ 
cesses  can  lead  to  alignment  of  the  chains,  thus  increasing  the  charge 
mobility  over  that  of  completely  randomly  disordered  films26.  A 
further  strategy  for  reducing  disorder  in  molecular  systems  as  well 
as  in  polymers  is  by  templating  ordered  epitaxy-like  growth  using 
crystalline  substrates  that  impose  their  lattice  order  onto  the 
adsorbed  organic  films27  21'.  However,  this  latter  approach  may 
also  result  in  a  prohibitive  increase  of  device  fabrication  complexity, 
or  may  be  limited  to  only  a  few  organic  materials  and  substrates  that 
are  not  necessarily  optimal  for  use  in  a  particular  application. 

The  low  mobility  leads  to  low  electrical  conductivity  o,  given  by 
a  =  ne/z,  where  n  is  the  charge  carrier  density  and  e  is  the  electronic 
charge.  Thus,  typical  conductivities  of  organic  materials  are 
a  **  10“6Scm_l.  In  addition  to  low  conductivity,  low  mobility 
also  results  in  a  very  low  charge  carrier  velocity,  v  =  \iF  10 
cms"1,  where  F  is  the  electric  field  of  ~105Vcm-1,  typical  of 
many  devices29,30. 

Owing  to  the  low  conductivity  and  carrier  velocities  that  are 


intrinsic  to  organic  thin-film  semiconductors,  one  would  expect 
that  very-low-bandwidth  operation  of  common  optoelectronic 
devices  such  as  transistors,  OLEDs  and  photodetectors  would 
provide  a  significant,  if  not  fatal,  limitation  to  their  application  in 
modern  electronic  systems.  Although  in  many  cases  this  is  indeed 
true,  the  applications  open  to  organic  electronics  are  not  targeted 
at  simply  replacing  conventional  electronics  niches  served  by 
materials  such  as  crystalline  silicon.  For  example,  very-low-band¬ 
width  (~10-kHz)  organic  thin-film  transistors  (OTFTs)  may  find 
application  in  display  back  planes  or  low-cost  ‘disposable’  elec¬ 
tronics,  such  as  building  entry  cards  and  other  radio-frequency 
identification  inventory  control  devices31,32.  In  addition,  by  using 
the  thin  vertical  dimension  (normal  to  the  substrate  plane)  and  the 
high  crystalline  order  inherent  in  some  molecular  thin-film  systems, 
very  short  carrier  transit  distances,  and  hence  response  times,  can  be 
obtained,  leading  to  surprisingly  high  bandwidths.  This  has  recently 
been  demonstrated  using  multiple-layer  organic  photodetectors 
with  bandwidths  approaching  450  MHz  (ref.  33).  Further  possibi¬ 
lities  for  exploiting  the  short  vertical  dimensions  have  also  been 
demonstrated  in  polymer  OTFTs  by  depositing  polythiophene 
derivatives  into  a  ‘V*-shaped  channel  microcut  into  a  flexible 
polyethylene  terephthalate)  substrate34. 

The  viability  of  organic  electronics,  therefore,  lies  not  in  the 
displacement  of  existing  applications  niches  currently  filled  by 
conventional  semiconductors,  per  se,  but  rather  in  capturing  the 
low  cost  and  enormous  variability  inherent  in  organic  systems  that 
are  otherwise  not  accessible.  Success  in  achieving  very-low-cost 
electronics  hinges  almost  entirely  on  the  ability  to  deposit  and 
fabricate  organic  electronic  devices  using  methods  that  represent  a 
revolutionary  departure  from  those  commonly  used  by  the  current 
high-performance  electronics  industry.  Hence,  a  great  deal  of 
current  research  has  focused  on  depositing  films  and  patterning 
devices  on  a  large  scale  (leading  to  ‘macroelectronic’  applications), 
avoiding  the  need  for  labour-intensive  techniques  such  as  photo¬ 
lithography  that  today  dominate  the  cost  structure  of  conventional 
electronics. 


It  is  commonly  observed  that  the  purity  of  the  starting  material  is 
central  to  assuring  high-performance  and  high-reliability  electronic 
device  operation.  In  organic  electronics,  the  types  of  impurities  and 
their  effect  on  performance  may  differ  substantially  from  those 
affecting  inorganic  semiconductor  devices.  Substitutional  lattice 
impurities  such  as  boron  or  phosphorous  can  change  the  conduc¬ 
tivity  of  the  host  inorganic  semiconductor  (for  example,  silicon)  by 
several  orders  of  magnitude  if  introduced  at  only  the  parts  per 
billion  level,  because  each  impurity  atom  disrupts  the  valence  states 
of  the  neighbouring  lattice  atoms.  However,  no  equivalent  ordered 
lattice  or  bond-sharing  exists  in  organic  solids.  The  van  der  Waals 
forces  that  bond  organic  crystals,  and  also  provide  the  cohesive  force 
between  neighbouring  polymer  chains,  do  not  involve  sharing  of 
electrons  between  nearest-neighbour  molecules35.  Thus,  impurities 
do  not  necessarily  form  electrically  active  substitutional  defects.  Yet, 
impurities  may  act  as  deep  traps,  extracting  charge  or  acting  as 
recombination  sites  within  the  thin  film,  or  if  ionic,  they  may  still 
contribute  charge  to  the  surrounding  crystal.  Hence,  although 
impurities  act  in  remarkably  different  ways  compared  to  an  ordered 
inorganic  semiconductor,  they  nevertheless  can  strongly  influence 
the  conductive  properties  of  an  organic  material. 

Indeed,  intentional  doping  of  molecular  organic  materials  using 
the  n-type  dopants  Pyronin  B  (ref.  36),  4-phenanthridinolato-Li 
(ref.  37)  or  Li  (ref.  38),  and  p-type  dopants  such  as  F4-TCNQ  and 
FeCl3  (refs  39-41),  have  been  shown  to  increase  the  conductivity  of 
small-molecular-weight  films  by  several  orders  of  magnitude  com¬ 
pared  with  undoped  organic  layers.  More  frequently,  however, 
dopants  such  as  oxygen  or  even  water  can  enter  the  organic  film 
through  unintentional  exposure  to  the  environment,  leading  to 
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I  degradation  of  the  device  performance  over  extended  periods  of 
operation42-4*.  Also,  molecular  impurities  such  as  fractions  that  are 
co-deposited  with  the  desired  organic  semiconductor  can  disrupt 
the  molecular  stacking  order,  resulting  in  a  significant  reduction  in 
charge  carrier  mobility. 

Because  polymer  chains  in  solution  have  a  dispersity  of  molecular 
weights  whose  mean  values  are  often  >  1 05,  depending  on  the  length 
of  the  polymer  chain,  there  are  few  strategies  for  purifying  the 
material  based  on  molecular  weight  alone.  Chromatography  and 
other  ‘distillation’  processes  are  commonly  used  to  achieve  the 
highest  level  of  purity47,  although  attaining  <1%  impurity  concen¬ 
trations  remains  a  challenge.  In  contrast,  small-molecule  materials 
j  have  well-defined  molecular  weights,  allowing  for  straightforward 
separation  of  the  host  from  the  impurities.  One  common  means  for 
accomplishing  this  is  via  thermal  gradient  sublimation27,  whereby 
the  organic  source  material  is  heated  in  a  vacuum  furnace,  and  then 
allowed  to  condense  downstream  in  a  cooler  region  of  the  furnace. 
The  low-  and  high-molecular- weight  impurities  each  condense  in  a 
different  temperature  zone  from  the  desired  source  material,  mak¬ 
ing  separation  of  these  components  possible.  Using  sublimation 
techniques,  fractional  impurity  concentrations  as  low  as  10-4  are 
potentially  achievable,  although  it  remains  an  important  challenge 
to  measure  this  quantity  precisely  because  of  the  complex  role  that 
impurities  play  in  affecting  the  properties  of  the  host  material. 


solvated  polymer  from  a  micrometre-scale  nozzle  from  a  modified  j 
ink-jet  printer.  The  droplet  lands  at  the  base  of  the  well,  spreading  i 
out  to  form  a  structure  of  dimensions  determined  by  the  well  itself.  | 
This  is  done  for  each  of  the  three  colour  sub-pixels,  with  adjacent  ! 
wells  in  the  triad  each  filled  with  polymers  that  are  functionalized  to 
produce  the  desired  R,  G  and  B  colour  emission  (see  Fig.  2).  The 
process  can  be  very  rapid,  generating  a  mobile  phone  display  in  only 
a  few  seconds. 

Ink-jet  printing  requires  precise  control  of  the  polymer  chemistry  i 
to  satisfy  all  the  electrical  and  optical  demands  of  a  high-perform¬ 
ance  display.  In  addition,  the  polymer  ink  must  have  the  appro¬ 
priate  mechanical  properties,  such  that  there  is  uniform  coverage 
across  the  well  diameter,  as  the  applied  voltage  across  the  OLED,  and 
hence  the  local  current  density,  is  strongly  dependent  on  layer 
thickness.  The  process,  therefore,  places  additional  demands  on 
the  polymer  inks  over  those  for  materials  applied  by  conventional 
solution  processing.  Yet,  early  results  with  ink-jet  printing  of  organic 
electronic  devices  have  been  quite  promising53.  For  example, 
Toshiba  has  recently  demonstrated  its  application  to  the  fabrication 
of  a  full-colour  polymer  display  with  a  17-inch  diagonal  dimension. 
Although  several  problems  related  to  pixel  yield  and  operational 
lifetime  of  the  display  require  further  work  before  practical,  cost- 
effective  components  can  be  realized,  the  demonstration  of  the 


As  noted  previously,  the  principal  distinction  between  polymers  and 
small-molecular-weight  organic  thin  films  is  the  different  methods 
used  in  their  deposition  and  patterning. 


In  general,  polymers  are  solution  processed,  uniformly  applied 
across  the  entire  wafer  substrate  by  spin-on  or  spray-on  methods. 
The  solvent  is  then  ‘driven  off’  by  evaporation  after  deposition.  This 
technique  can  lead  to  very  uniform  films  ~100nm  thick,  as 
required  in  most  devices  such  as  OLEDs  and  OTFTs.  Although 
there  are  several  advantages  to  this  method  of  film  application,  such 
as  very-high-speed  deposition  over  large  substrate  areas,  there  are 
also  potential  shortcomings.  Primarily,  the  solvents  used  for  one 
polymer  layer  can,  and  often  do,  attack  previously  applied  layers, 
thereby  limiting  the  complexity  (and  often  as  a  consequence,  the 
performance)  of  the  structure  that  can  be  achieved48.  This  limitation 
is  most  frequently  overcome  by  functionalizing  or  blending  poly¬ 
mers  to  perform  the  many  different  tasks  required  to  meet  all  of  the 
performance  criteria  demanded  by  a  particular  application.  For 
example,  in  an  OLED  where  both  charge  conductivity  and  lumines¬ 
cence  efficiency  must  be  simultaneously  maximized,  the  polymer 
can  itself  be  functionalized,  or  it  can  be  blended  with  other  polymers 
(or  even  small-molecular- weight  materials  and  dendrimers)  to 
achieve  both  properties  in  a  single  layer49.  Unfortunately,  this  can 
often  lead  to  compromises,  in  which  one  performance  parameter  is 
traded  off  against  another  in  the  interest  of  low  cost  and  fabrication 
simplicity. 

A  more  serious  shortcoming  of  full-surface  deposition  is  the 
inability  to  locally  pattern  the  electronic  device.  An  example  where 
substantial  in-plane  patterning  must  be  applied  is  in  fabricating 
colour  displays  based  on  a  triad  of  closely  spaced  red  (R),  green  (G) 
and  blue  (B)  polymer  OLEDs.  The  R,  G  and  B  sub-pixels  must  be 
separately  contacted  and  energized  such  that  their  intensities  can  be 
individually  controlled  to  achieve  both  the  desired  colour  and 
intensity  grey-scale50.  Unfortunately,  using  spin-on  or  spray-on 
methods,  the  entire  substrate  is  coated  with  only  a  single  material, 
requiring  different  strategies  for  such  a  lateral  functionalization. 
One  emerging  patterning  strategy  is  ink-jet  printing51-54.  Micro¬ 
metre-high  polymer  walls  are  prepatterned  onto  the  substrate 
surface,  thereby  forming  a  region  that  defines  the  ~50-100-pm 
pixel  diameter  (Fig.  2).  This  is  followed  by  ejecting  a  droplet  of  the 


Figure  2  Ink-jet  printing  and  the  fabrication  of  full-colour  polymer  organic  light- 
emitting  device  (OLED)  displays,  a,  An  atomic  force  micrograph  of  the  polymer  dams, 
or  ‘circle  banks'  prepatterned  onto  the  substrate  to  receive  and  confine  the  polymer 
droplet  from  the  ink-jet  head,  thereby  forming  a  well  defined  polymer  light-emitting 
device  pixel,  in  this  case  with  a  diameter  of  30  pm.  Accurate  positioning  of  the  ink-jet 
nozzle  to  ensure  hitting  the  circle  bank  ‘target’  that  contains  the  indium  tin  oxide  (ITO) 
anode  (30  pm  diameter),  thereby  forming  the  OLED,  remains  a  challenge.  From  ref.  53. 
b,  Three-colour  triad  of  ink-jet-printed  pixels,  forming  a  prototype  full-colour  display 
(c).  The  individual  66  x  200  pm  pixels  in  (b)  are  shown  emitting  fluorescent  light  after 
optical  excitation.  The  full  colour,  2-inch-diagonal  ink-jet- printed  display  consists  of  a 
1 28  x  1 60  array  of  polymer  pixels,  each  pixel  having  dimensions  of  60  x  200  pm.  j 
Images  in  b  and  c  courtesy  of  Philips  Electronics. 


NATURE  |  VOL  428  |  29  APRIL  2004  |  www.nature.com/nature 


©2004  Nature  Publishing  Group 


913 


review 


patterning  technology  over  such  a  large  spatial  scale  suggests  that 
ink-jet  printing  offers  many  possibilities  for  fabricating  very-large- 
scale  and  complex  organic  electronic  circuits  that  will  be  produced 
at  a  cost  unapproachable  using  conventional  semiconductor  device 
fabrication  methods. 


Thermal  sublimation  in  vacuum  is  the  most  common  means  for 
depositing  small-molecular-weight  thin  films27.  This  process 
involves  the  heating  of  the  source  material  in  a  vacuum  chamber, 
with  the  substrate  located  several  centimetres  distant,  usually  placed 
above  the  source.  This  ‘bottom  up’  geometry  prevents  the  source 
material  from  spilling  out  of  the  sublimation  boat,  and  also  avoids 
contamination  of  the  substrate  by  flaking  of  material  previously 
deposited  onto  the  vacuum  chamber  wall,  thereby  creating  dust  that 
would  ordinarily  land  on  the  substrate  surface  if  a  ‘top  down’ 
deposition  geometry  were  used.  Vacuum  thermal  evaporation 
( VTE)  is  widely  used  in  the  processing  of  inorganic  semiconductor 
devices  because  of  the  precision  with  which  layer  thicknesses  can  be 
controlled  (typically  to  within  ±0.5  nm),  and  the  relative  simplicity 
of  the  process.  One  particular  advantage  of  VTE  is  its  ability  to  grow 
an  unlimited  number  of  layers,  each  optimized  for  a  different 
function,  to  complete  the  device  structure.  This  flexibility  in  device 
design  is  an  inherent  feature  of ‘dry  processing* — that  is,  the  several 
material  layers  that  are  deposited  to  form  a  device  structure  do 
not  physically  interact  because  there  is  no  solvent  that  might 
transport  material  and  chemically  attack  the  predeposited  film. 
This  compatibility  between  layers  provides  for  enormous  flexibility 
in  choosing  materials  and  structures  to  be  used  in  complex,  modern 
electronic  devices. 

Nevertheless,  there  are  several  shortcomings  to  VTE:  it  can  be 
wasteful  of  material,  and  it  is  difficult  to  maintain  a  uniform 
deposition  rate  because  the  organic  material  sources  are  typically 
thermally  insulating.  Hence,  they  are  only  heated  in  regions  where 
the  organic  source  is  in  contact  with  the  resistively  heated  boat, 
creating  pockets  in  the  source  powder  that  occasionally  collapse 
under  gravity,  resulting  in  spitting  or  rapid  changes  in  evaporation 
rate.  Nevertheless,  commercial  production  of  organic  displays  is 
primarily  based  on  VTE,  and  very-large-area  full-colour  displays 
(with  20-inch-diagonal  displays  recently  announced  by  IBM,  and 
13-inch-diagonal  displays  demonstrated  by  Sony,  among  others) 
have  been  demonstrated  using  this  process.  One  such  display  is 
shown  in  Fig.  3a,  along  with  a  conceptual  view  of  a  future  ‘universal 
communication  device’  consisting  of  computer  and  communi¬ 
cation  electronics  contained  in  a  very  compact  appliance  also 
containing  a  lightweight  and  rugged  display  deposited  on  a  flexible 
substrate”56.  Indeed,  the  ability  to  deposit  organics  onto  a  wide 
range  of  substrates  without  regard  for  the  lattice-matching  con¬ 
ditions  that  limit  the  materials  choices  of  conventional  semicon¬ 
ductor  devices  opens  up  many  opportunities  for  applications  based 
on  this  technology. 

To  avoid  many  of  the  shortcomings  of  VTE,  an  alternative 
method  for  depositing  molecular  organic  thin  films  called  organic 
vapour  phase  deposition  (OVPD)  has  recently  been  introduced57,58. 
This  technique  differs  from  VTE  in  that  evaporation  occurs  in  a  hot- 
walled  reactor  vessel  in  the  presence  of  an  inert  carrier  gas  such 
as  nitrogen  or  argon  that  is  also  maintained  at  a  temperature 
sufficiently  high  to  induce  evaporation  of  the  source  material  (see 
Fig.  4).  These  apparently  simple  differences  from  VTE  have  numer¬ 
ous  consequences:  evaporation  in  the  presence  of  a  carrier  gas 
transforms  the  pickup  of  material  into  an  equilibrium  process,  as 
opposed  to  the  non-equilibrium  conditions  extant  in  VTE.  That  is, 
in  VTE,  the  rate  of  material  evaporation  (and  hence  arrival  rate  of 
molecules  at  the  substrate  surface)  follows  an  exponential  depen¬ 
dence,  r  =  rGexp(— AHvap/krcdi),  where  AHvap  is  the  enthalpy  of 
vaporization  of  the  source  organic,  k  is  Boltzmann’s  constant,  and 
Tce|j  is  the  source  cell  temperature.  In  contrast,  in  OVPD  the  carrier 


gas  becomes  saturated  with  the  organic  source  material,  which  is 
then  carried  downstream  to  the  cooled  substrate  where  it  enters  a 
boundary  layer  of  nearly  stagnant  flow.  Depending  on  the  pressure 
and  temperature  within  the  reactor,  transport  can  be  ‘diffusion 
limited’,  whereby  the  molecule  entering  the  thick  boundary  region 
suffers  many  collisions  in  a  purely  random  process  before  reaching 
the  substrate  surface  where  physisorption  occurs.  At  lower  molecu¬ 
lar  partial  pressures  or  higher  gas  flow  velocities,  the  boundary  layer 
thickness  is  decreased,  and  transport  becomes  ‘kinetically  limited’ — 
that  is,  the  rate  of  arrival  of  the  molecules  at  the  substrate  is 
determined  by  the  flow  field  of  the  gas  that  entrains  them  towards 
the  surface. 

Differences  in  molecular  kinetic  energy  and  momentum  inherent 
in  the  diffusive  and  kinetic  regimes  lead  to  considerable  differences 
in,  and  hence  control  over,  the  resulting  thin-film  morphology.  For 
example,  in  the  channels  of  pentacene  OTFTs  grown  by  OVPD,  the 
crystallite  size  of  the  pentacene  can  vary  from  only  a  few  tens  of 
nanometres  when  grown  under  highly  kinetic  conditions,  to  several 
micrometres  when  grown  in  the  diffusive  regime4  (Fig.  4).  This 
variability  arises  because  under  equilibrium  diffusive  growth,  mol¬ 
ecules  arriving  at  the  surface  can  find  their  lowest-energy  configur¬ 
ation  with  respect  to  neighbouring  molecules,  thus  forming  an 
ordered,  self-assembled  crystal  structure.  Under  kinetic  growth 
conditions,  the  molecules  arrive  rapidly  at  an  aggressively  cooled 
substrate,  and  are  forced  to  ‘stick’  in  positions  that  they  assume  at 
the  time  of  arrival,  hence  leading  to  greater  crystalline  disorder.  The 
result  of  this  control  is  an  increase  in  transistor  field-effect  hole 


Figure  3  Organic  emissive  displays  in  the  present  and  the  future,  a,  A  full  colour, 
13-inch  diagonal  small-molecular  weight  OLED  display.  The  display  is  only  2  mm 
thick,  and  uses  top  emitting  OLEDs  on  an  active  transistor  matrix  backplane.  The 
display  supports  full  motion  video  images,  and  can  be  viewed  at  very  oblique  angles 
(right)  without  incurring  a  significant  change  in  colour  or  contrast.  Images  courtesy  of 
Sony  Corp.  A  principal  advantage  of  organic  electronic  devices  is  their  ability  to  be 
deposited  onto  any  substrate,  including  flexible  and  robust  plastic  sheets,  b,  A 
conceptual  view  of  a  future  organic  electronic  flexible  display  that  when  not  in  use  is 
rolled  up  into  a  pen-like  device  containing  computational  and  wireless  communication 
electronics.  This  lightweight  and  potentially  low-cost  electronic  appliance  is  enabled  by 
the  high- resolution  flexible  display  technology  now  being  developed  by  the  organic 
electronics  community.  Images  courtesy  of  Universal  Display  Corp. 
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mobility  under  diffusion-limited  growth  by  over  an  order  of 
magnitude  when  compared  to  that  obtained  for  kinetically  grown 
crystals.  Indeed,  the  highest  hole  mobilities  obtained  for  pentacene 
TFTs  grown  by  both  OVPD  and  VTE  are  peff  ~  1.5  cm2  V-1  s~\ 
comparable  to  electron  mobilities  in  amorphous  silicon  TFTs3,4. 

As  well  as  allowing  the  control  of  crystalline  morphology  by  the 
saturated  pickup  of  the  source  material,  OVPD  is  also  a  relatively 
dust-free  process,  because  the  chamber  walls  are  maintained  at  a 
temperature  high  enough  to  prevent  readsorption.  This  also  leads  to 
very-high-efficiency  material  use,  as  the  only  cold  region  in  the 
reactor  where  molecular  adsorption  can  occur  is  the  substrate. 
Finally,  none  of  the  non-uniformities  in  evaporation  rate  common 
to  VTE  affect  growth  by  OVPD,  simply  because  the  source  material 
is  infused  with  the  carrier  gas,  making  the  entire  source  isothermal, 


a 


Heated  chamber  wall 


independent  of  its  thermal  conductivity. 

As  in  the  solution-based  application  of  polymers,  simple  depo¬ 
sition  either  by  VTE  or  OVPD  results  in  the  full  surface  of  the 
substrate  being  uniformly  coated.  In  both  OVPD  and  VTE,  there¬ 
fore,  the  most  common  means  for  achieving  patterned  growth  as 
required  for  display  pixellation  is  to  deposit  the  material  through  a 
shadow  mask  placed  in  close  (~1  pm)  proximity  to  the  substrate 
surface.  The  mask  has  an  array  of  apertures  whose  dimensions 
Ujatch  that  of  the  desired  deposit  diameter,  with  the  minimum 
feature  size  approximately  equal  to  that  of  the  mask  thickness  (for 
example,  ~20-75pm).  Indeed,  under  highly  controlled  conditions, 
the  smallest  features  achieved  using  shadow  masks  are59  1-5  pm. 

An  analogue  to  ink-jet  printing,  known  as  organic  vapour-jet 
printing  (OVJP),  has  also  been  proposed  and  developed  for  use  with 
small-molecular-weight  materials59,60.  Like  OVPD,  the  solvent  is  a 
hot  inert  carrier  gas  that  vaporizes  the  organic  source,  creating  a 
flow  of  volatilized  molecules.  These  molecules  pass  through  a 
nozzle,  after  which  they  are  deposited  onto  a  cold  substrate  surface 
placed  in  close  proximity  (~  10-100  pm)  to  the  nozzle  tip.  This 
process  replaces  the  liquid  solvent  used  in  ink-jet  printing  with  an 
inert  carrier  gas,  thereby  eliminating  many  of  the  mechanical 
properties  of  the  liquid  (such  as  meniscus  formation  leading  to 
thickness  non-uniformities),  and  does  not  require  polymer  wells  to 
be  formed  on  the  substrate  to  spatially  contain  the  liquid  droplet. 
Like  ink-jet  printing,  OVJP  is  at  its  very  earliest  stages  of  develop¬ 
ment,  and  as  yet  there  are  no  clear  demonstrations  that  this 
technology  will  eventually  find  use  in  the  large-scale  production 
of  low-cost  organic  electronic  circuits  and  systems. 


10  °C.  0.25  torr,  3.0  A  s-1 


65  °C,  10.5  torr,  0.3  As-1 


Figure  4  The  process  of  organic  vapour-phase  deposition  (OVPD)  for  the  growth  of 
organic  electronic  devices,  a,  A  schematic  cross-section  of  a  hot-walled  OVPD  reactor 
showing  the  growth  process.  Growth  occurs  by  infusing  a  hot  boat  containing  the 
organic  source  material  with  an  inert  carrier  gas.  The  gas  becomes  saturated  with  the 
organic  vapours  and  carries  them  downstream  to  a  cooled  substrate  where  they 
physisorb  onto  its  surface.  Shown  immediately  in  front  of  the  substrate  is  a 
hydrodynamic  boundary  layer  of  thickness  6.  Depending  on  the  reactor  pressure  and 
rate  of  molecular  pickup  by  the  carrier  gas,  the  boundary  layer  thickness  can  be  varied 
from  very  thin  fin  which  case  the  growth  rate  is  considered  kinetically  limited,  whereby 
the  nearly  ‘ballistic’  transport  of  molecules  to  the  surface  dominates)  to  several 
millimetres  thick  (corresponding  to  diffusion-limited  growth,  whereby  the  molecules 
suffer  many  collisions  within  the  boundary  layer,  thereby  controlling  the  growth 
process).  Because  the  walls  of  the  chamber  are  hot,  adsorption  occurs  only  on  the 
substrate,  resulting  in  extremely  high-efficiency  use  of  materials.  Further,  the  pickup  of 
molecular  species  results  in  saturation  of  the  inert  carrier  gas,  resulting  in  highly 
controlled  growth  rates.  Here,  Vis  the  gas  volumetric  flow  velocity,  is  the  partial 
pressure  of  the  organic  material  in  the  gas  stream,  „  is  the  temperature  of  the 
organic  source  cell,  and  Xis  the  position  as  a  function  of  distance  from  the  substrate 
axis,  b,  c,  The  growth  regime  affects  the  morphology  of  a  pentacene  film.  The 
conditions  in  b  correspond  to  diffusion- limited  growth  (high  substrate  temperature  and 
chamber  pressure,  slow  growth  rate)  resulting  in  very  large  crystalline  domains.  In  a 
thin-film  transistor,  these  domains  can  span  the  entire  device  active  region  from 
source  to  drain  contacts,  leading  to  a  high  field-effect  hole  mobility  of 
/Zen  =  0.58  cm2  V"1  s~\  For  kinetically  grown  films  (c)  (low  substrate  temperature 
and  chamber  pressure,  and  high  growth  rate),  the  crystallite  size  is  considerably 
smaller  than  in  b.  In  this  case,  transport  from  source  to  drain  is  primarily  limited  by 
scattering  from  grain  boundaries  between  the  individual  crystallites,  resulting  in  a 
tenfold  decrease  in  hole  mobility.  From  refs  4  and  58. 


Patterned  deposition  is  based  on  the  thermal  imaging  dry  transfer 
(using,  for  example,  a  laser  or  other  localized  heat  source)  of  a 
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Figure  5  Laser-induced  thermal  imaging  transfer  of  active  organic  semiconductor 
materials  to  a  substrate,  a,  A  'donor'  film  is  pre-loaded  with  the  organic  thin  film,  which 
is  then  locally  transferred  by  thermal  ablation  using  a  laser.  From  ref.  63.  b,  Micrograph 
of  a  50  x  75  cm  array  of  pentacene  organic  thin-film  transistors  whose  source  and 
drain  contacts  were  patterned  using  laser-induced  thermal  imaging.  The  various 
images  show  different  magnifications  from  (clockwise)  the  full  panel,  a  small  segment 
containing  approximately  100  TFTs,  and  a  single  TFT  with  a  gate  length  of  ~20pm. 
From  ref.  52. 
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polymer  or  small-molecular-weight  material  from  a  ‘donor’  or 
material  source  sheet,  to  the  ‘receiver’  or  target  substrate,  and  is 
also  attracting  interest61.  The  transfer  occurs  by  ablation  of  materials 
that  are  predeposited  onto  the  donor  sheet  held  in  contact  with  the 
substrate  (Fig.  5).  In  one  demonstration  of  this  method,  high- 
conductivity,  5  X  2.7  jxm,  polymer  contacts  loaded  with  single- 
walled  carbon  nanotubes  used  for  the  source  and  drain  of  a 
pentacene  transistor  were  transferred  using  an  infrared  diode  laser 
as  the  ablation  source62.  The  pentacene  channel  was  applied  by 
routine  VTE  deposition,  thereby  spanning  the  gap  between  source 
and  drain.  A  50  X  75  cm  printed  transistor  backplane  has  been 
fabricated  using  thermal  imaging,  suggesting  its  utility  for  produc¬ 
ing  large-area  organic  circuits  (Fig.  5).  This  technique,  however,  is 
not  confined  to  the  deposition  of  contacts,  but  can  be  applied  to  the 
transfer  of  the  active  semiconductor  layer  as  well63.  For  example,  a 
blend  of  a  blue-light-emitting  polymer  and  a  hole  transport  layer 
was  transferred  to  a  receiving  substrate  using  laser  ablation,  creating 
well-formed  and  high-resolution  blue-emitting  OLEDs.  The 
transferred  material  must  be  optimized  such  that  its  resistance  to 
thermal  degradation  and  mechanical  properties  are  suitable  for  this 
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so-called  laser-induced  thermal  imaging  process.  Although  this 
optimization  can  lead  to  compromises  in  device  performance, 
laser-induced  thermal  transfer  of  organics  is  showing  early 
promise  as  a  route  for  realizing  practical  macroelectronic  integrated 
circuits. 


To  capture  the  low-cost  potential  of  organic  thin  films  inherent  in 
their  low-temperature  deposition  on  substrates  such  as  glass,  plastic 
or  metal  foils,  it  is  imperative  that  these  processes  be  complemented 
by  similarly  inexpensive  device  patterning  and  fabrication  methods. 
For  this  reason,  researchers  have  long  sought  innovative  and  fault- 
tolerant  methods  for  patterning  thin  organic  films  that  are  simple 
and  do  not  result  in  the  destruction  of  these  often  fragile  or 
environmentally  sensitive  materials. 

In  addition  to  patterning  during  deposition  using  techniques 
such  as  ink-jet  or  OVJP,  methods  have  also  been  developed  to 
pattern  the  organics  into  circuits  after  deposition.  These  methods 
include  direct  nanoimprinting  of  the  polymer64,  lithographically 
induced  self  assembly65,  microcutting  of  the  cathode  metal  after 
deposition  onto  the  underlying  active  organic  materials66,  photo¬ 
crosslinking  of  polymer  regions  to  form  conducting  contacts  to 
organic  thin-film  transistors,  followed  by  creating  vertical  inter¬ 
connects  between  circuit  levels  (or  ‘vias’)  using  metal  ‘pins’32, 
lamination  of  contacts  onto  the  organic  surface  from  soft  rubber 
stamps67,  and  cathode  formation  by  cold  welding  from  stamps68,69. 

Cold  welding  is  the  binding  of  two  clean  surfaces,  each  containing 
a  film  of  the  same  metal,  on  contact  or  on  application  of  a  moderate 
pressure  (Fig.  6).  To  pattern  contacts  and  interconnects,  one  starts 
by  forming  a  ‘stamp’  in  a  soft  material  such  as  poly(dimethylsilox- 
ane)  (PDMS),  where  the  desired  pattern  is  embossed  onto  the  stamp 
surface68.  Then  an  adhesion-preventing  coating  is  placed  on  the 
stamp,  followed  by  the  deposition  of  the  metal  at  a  thickness  needed 
for  the  cathode  or  other  metallic  interconnect.  Before  the  cold¬ 
welding  step,  the  organic  layers  forming  the  desired  electronic 
device  are  deposited  across  the  full  surface  of  the  substrate  in 
the  normal  sequence.  This  is  capped  with  a  very  thin  (~5nm) 


Figure  6  Direct  micro/nanopatterning  of  an  organic  electronic  device  by  cold  welding. 
In  the  subtractive  process  (a),  the  organic  layers  comprising  the  active  electronic  device 
are  deposited  across  the  full  substrate  surface,  followed  by  the  deposition  of  the 
unpatterned  metallic  contact.  A  hard  ‘stamp’  is  then  fabricated,  whose  raised  regions 
correspond  to  the  regions  of  the  finished  device  where  cathode  metal  is  removed.  The 
stamp  is  first  coated  with  an  adhesion  ‘enhancement’  layer,  followed  by  deposition  of 
the  same  metal  used  as  a  contact  metal  to  the  organic  electronic  device.  The  stamp  is 
then  brought  into  a  pressure  contact  with  the  substrate,  such  that  the  metal  on  the 
stamp  and  substrate  form  an  intimate  metallic  bond,  or  cold  weld.  Pressing  harder 
causes  the  metal  at  the  edge  of  the  stamp  to  fracture,  allowing  for  lift-off  of  the  metal 
under  the  stamp  when  it  is  separated  from  the  substrate.  The  amount  of  pressure  that 
needs  to  be  applied  to  cause  a  fracture  at  the  edge  of  the  stamp  increases  with  the 
thickness  of  the  metal.  Note  that  no  pressure  is  applied  to  a  device  whose  active  region 
is  under  the  metal  contact  (for  example,  a  detector  or  an  OLED).  In  the  additive  process 
(b),  the  metal  layer  that  is  predeposited  onto  the  organic  layer  surface  is  very  thin 
(typically  ~5  nm).  This  is  the  ‘strike  layer’.  Unlike  the  subtractive  process,  the  desired 
thickness  of  the  metal  contact  is  deposited  onto  the  stamp  itself,  not  the  organic 
layers.  Further,  before  deposition  on  the  stamp,  the  stamp  surface  is  coated  with  an 
‘adhesion  reduction  layer’  that  ensures  that  the  metal  can  easily  lift  away  from  the 
stamp  after  separation  from  the  substrate.  The  stamp  and  substrate  are  then 
brought  into  pressure  contact  where  cold  welding  once  more  occurs  and  the  metal  on 
the  stamp  is  left  behind,  directly  forming  the  contact  pattern.  The  thin  residual 
strike  layer  between  the  contacts  is  then  removed  by  gentle  etching  by  a  reactive  gas  or 
by  simple  sputtering.  Using  soft  stamps,  this  process  requires  very  low  pressures 
that  are  not  dependent  on  metal  thickness  (no  fracture  is  required).  The  pattern 
definitions  achievable  using  these  processes  are  <1 0  nm  in  many  cases.  In  c  is  shown 
a  segment  of  a  passive  matrix  OLED  display  patterned  using  the  subtractive  process. 
The  green  regions  are  pixels  emitting  light  when  electrically  addressed.  From  refs  68 
and  69. 
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Figure  7  Conceptual  diagram  of  continuous  and  very-low-cost  manufacture  of  organic 
electronic  devices.  Starting  with  a  roll  of  plastic  substrate,  the  organic  materials 
forming  the  device  active  regions  are  first  deposited  either  from  the  liquid  or  vapour 
phase,  and  then  a  metal  ‘strike  layer’  (such  as  in  Fig.  6)  is  deposited.  The  film  is  then 
passed  between  rollers  with  an  embossed  pattern  representing  the  ultimate  electrode 
scheme  required  on  their  surfaces.  These  rollers  then  directly  pattern  the  electrodes, 
again  as  in  Fig.  6.  In  the  final  step,  the  strike  layer  metal  is  removed  by  dry  etching, 
completing  the  circuit.  The  sheets  are  eventually  coated  to  eliminate  degradation  from 
exposure  to  the  environment,  and  then  packaged  to  suit  the  desired  application.  The 
lower  photograph  shows  a  fully  processed  wafer  foil  containing  all-polymer  transistors 
and  integrated  circuits,  showing  recent  progress  in  achieving  this  vision  of  the  future. 
Photograph  courtesy  of  T.  Jackson.  Pennsylvania  State  University. 


916 


©2004  Nature  Publishing  Group 


NATURE  |  VOL  428 1  29  APRIL  2004  |  www.naturc.com/naiurf 


review 


I  unpatterned  metal  film,  such  as  LiF/Al/Au,  that  ultimately  forms 
part  of  the  injecting  cathode  into  the  organic  heterostructure.  This 
thin  layer  is  known  as  the  ‘strike  layer’ 

In  bringing  the  stamp  and  substrate  into  contact  and  under  weak 
pressure  (typically  1  atm),  the  metal  on  the  stamp  cold-welds  to  the 
same  metal  which  is  also  used  for  the  strike  layer  (Fig.  6).  Here, 
j  noble  metals  are  preferred,  as  they  do  not  form  thick  oxides  that 
might  prevent  bonding  when  brought  into  contact  with  the  second 
metal  surface.  As  the  stamp  is  lifted  away  from  the  surface,  its  thick 
metal  layer  is  left  behind,  bonded  to  the  strike  layer  owing  to  the 
cold  weld.  Finally,  the  strike  layer  between  the  metal  pattern 
remaining  after  stamping  is  removed,  using  a  plasma  or  other 
light  etching  step.  This  technique  has  been  shown  to  result  in 
high-quality  organic  electronic  devices  with  pattern  resolutions 
approaching  10  nm. 


The  opportunities  for  the  use  of  organic  thin  films  in  modern 
electronic  circuits  are  rapidly  expanding,  based  on  the  very  high- 
performance  and  unique  functionality  offered  by  these  principally 
carbon-containing  semiconductors.  However,  their  practical 
implementation  in  electronic  applications  will  ultimately  be 
decided  by  the  ability  to  produce  devices  and  circuits  at  a  cost 
that  is  significantly  below  that  needed  to  manufacture  conventional 
electronic  circuits  based  on,  for  example,  silicon.  If  successful,  these 
low-cost  fabrication  processes  will  ultimately  result  in  the  ‘printing’ 
of  large-area  organic  electronic  circuits  using  roll-to-roll  or  web- 
based  methods,  where  low-temperature  deposition  of  the  organics 
is  followed  by  metal  deposition  and  patterning  in  a  continuous, 
high-speed  process  analogous,  perhaps,  to  processes  used  in  the 
printing  of  documents  or  fabrics  (Fig.  7).  However,  much  work 
must  be  done  before  such  an  ambitious  goal  can  be  realized. 
Although  many  innovative  technologies  have  been  developed  relat¬ 
ing  to  the  fabrication  of  thin-film  organic  devices  with  high 
performance  and  long  operational  lifetime,  very  few  of  these 
technologies  have  left  the  laboratory  and  found  their  way  into  a 
manufacturing  environment.  Indeed,  only  the  simplest  fabrication 
technologies  have  so  far  been  implemented  on  manufacturing  lines: 
spin-coating  of  polymers  over  broad  substrate  surfaces  to  create 
monochrome  displays,  or  in  the  case  of  small  molecules,  vacuum 
deposition  through  shadow  masks  resulting  in  full  colour  displays. 
Yet  even  these  early  demonstrations  are  impressive.  As  the  more 
sophisticated  and  versatile  methods  currently  being  developed  in 
the  laboratory  make  their  way  into  the  manufacturing  environment, 
we  can  expect  that  organic  electronic  circuits  whose  functions  are 
only  now  being  envisioned  will  one  day  revolutionize  the  techno¬ 
logical  world  in  which  we  live.  □ 
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We  demonstrate  high-efficiency  organic  photovoltaic  cells  by  stacking  two  hybrid  planar-mixed 
molecular  heterojunction  cells  in  series.  Absorption  of  incident  light  is  maximized  by  locating  the 
subcell  tuned  to  absorb  long-wavelength  light  nearest  to  the  transparent  anode,  and  tuning  the 
second  subcell  closest  to  the  reflecting  metal  cathode  to  preferentially  absorb  short-wavelength  solar 
energy.  Using  the  donor,  copper  phthalocyanine,  and  the  acceptor,  C60,  we  achieve  a  maximum 
power  conversion  efficiency  of  ?7,>=(5.7±0.3)%  under  1  sun  simulated  AM1.5G  solar  illumination. 

An  open-circuit  voltage  of  V ^  ^  1.2  V  is  obtained,  doubling  that  of  a  single  cell.  Analytical  models 
suggest  that  power  conversion  efficiencies  exceeding  6.5%  can  be  obtained  by  this  architecture. 

©  2004  American  Institute  of  Physics .  [DOI:  10.1063/1.1829776] 


Organic  photovoltaic  (PV)  cells  have  the  potential  for 
providing  a  practical  solution  to  solar  energy  conversion  due 
to  their  low  material  cost,  ease  of  processing,  and  compat¬ 
ibility  with  flexible  substrates.1'2  The  power  conversion  effi¬ 
ciency  (rjP)  of  organic  PV  cells  has  steadily  improved 
through  the  use  of  new  materials  and  device  structures.3-13 
Performance  of  early  organic  bilayer  heterojunction  (HJ)  PV 
cells  was  limited  by  the  ability  of  excitons  to  diffuse  to  the 
donor-acceptor  (D-A)  interface,  since  their  diffusion  length 
(typically  LD^  100  A)1  is  much  shorter  than  the  optical  ab¬ 
sorption  length  (La^  1000  A).  The  efficiency  has  been  im¬ 
proved  by  using  the  acceptor  material  with  a  long  exci- 
ton  diffusion  length  (£o~400  A),1’6  or  by  forming  a  bulk 
HJ.4’5  By  combining  these  two  approaches,  we  have  recently 
demonstrated  rjP-  5%  under  simulated  AM1.5G  solar  illumi¬ 
nation  in  a  copper  phthalocyanine  (CuPc)/C#)  organic  PV 
cell  incorporating  a  mixed  D-A  layer  sandwiched  between 
homogeneous  donor  and  acceptor  layers  (called  a  “hybrid 
planar-mixed  heterojunction,”  or  PM-HJ).13 

Yakimov  and  Forrest8  demonstrated  a  more  than  dou¬ 
bling  of  individual  CuPc/PTCBI  (or  3,  4,  9,  10- 

perylenetelracarboxylic  bisbenzimidazole)  cell  efficiencies  of 
77,5=1%  to  rjp=2.5%  by  stacking14  two  thin  cells  in  series, 
with  Ag  nanoclusters  between  the  subcells  providing  both 
optical  field  enhancement  and  efficient  recombination  sites 
for  the  photogcncratcd  charges.  The  photovoltage  of  this 
“tandem”  cell  was  twice  that  of  each  individual  cell  (or  sub- 
cell).  Here,  we  show  that  by  stacking  two  CuPc/C60  hybrid 
PM-HJ  cells  in  scries  with  optimized  optical  absorption,  rjP 
=  (5.7±0.3)%  under  1  sun=  100  mW/cm2  simulated 
AM1.5G  solar  illumination  is  achieved,  representing  ~15% 
increase  from  a  single  hybrid  PM-HJ  cell.1  Furthermore,  the 
open  circuit  voltage,  *00  of  the  tandem  cell  is  twice  that  of 
a  single  PV  cell,  reaching  up  to  1.2  V  under  high  intensity 
illumination.  In  particular,  we  show  that  without  including 
antireflection  coatings  on  the  substrates,  organic  PV  cells 
with  solar  power  conversion  efficiencies  exceeding  6.5%  are 
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possible  using  optimized  tandem  structures  of  this  type. 

The  structure  of  a  CuPc/C60  hybrid  PM-HJ  tandem  cell 
is  schematically  shown  in  Fig.  1(a).  A  transparent,  conduct¬ 
ing  indium-tin-oxide  (ITO)  layer  on  a  glass  substrate  is  used 
as  the  anode,  while  a  1000  A  thick  thermally  evaporated  Ag 
electrode  serves  as  the  cathode.  The  photoactive  region  of 
each  subcell  consists  of  a  hybrid  PM-HJ,13  i.c.,  a  mixed 
CuPciCfro  layer  sandwiched  between  homogeneous  CuPc  and 
C^o  layers,  which  combines  the  good  transport  of  photogc- 
ncrated  charge  carriers  to  their  respective  electrodes  charac- 
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FIG.  1.  (a)  Structure  of  an  organic  tandem  PV  cell  formed  by  stacking  two 
hybrid  PM-HJ  cells  in  series.  Each  subccll  (front  or  hack,  with  respect  to  the 
incident  light  direction  as  indicated)  employs  a  mixed  CuPc:C„0  layer  sand¬ 
wiched  between  homogeneous  CuPc  and  C*o  layers  as  the  photoactive  re¬ 
gion.  with  a  PTCBI  (front)  or  BCP  (back)  layer  serving  as  the  EBL  (b) 
Optical  field  intensities  at  A  =  450  nm  (solid  line)  and  A  =  650  nm  (dashed 
line)  calculated  as  functions  of  the  distance  from  the  cathode  in  an  asym¬ 
metric  organic  tandem  cell  (B  in  Table  1).  (c)  Calculated  external  quantum 
efficiencies  for  the  front  (dashed  line)  and  back  (solid  line)  subcells  of  cell 
B.  The  asymmetric  spectral  responses  from  the  two  subcells  result  from  the 
placement  of  the  layers  within  the  asymmetric  tandem  cell  structure 
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TABLL  1.  Layer  thicknesses  (in  A)  of  three  asymmetric  tandem  organic  PV  cells  as  well  as  their  predicted  performance  (short-circuit  current  density  7st . 
open-circuit  voltage  till  factor  FF.  and  power  conversion  efficiency  r)F)  and  measured  efficiency  rfHxx?.  under  1  sun  AMI.5G  solar  illumination.  The 
charge  recombination  zone  in  each  tandem  cell  consists  of  a  5  A  thick  Ag  nanocluster  layer  and  a  50  A  thick  m-MTDATA  doped  with  5  mol  %  Fj-TCNQ. 
Parameters  used  in  the  model  are*  V.  35  nA/cnr,  /?,  0.25B  cm2.  /;=  1.6,  7(<)=400  A,  Fhl  0.65  V.  and  the  exciton  d illusion  length  in  CuPc.  CNI.  and  PTCBI 
is  £,,”80  A.  400  A.  and  30  A,  respectively. 
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leristic  of  homogeneous  materials,  with  the  high  exciton  dif¬ 
fusion  efficiency  in  mixed  regions.13  Thin  layers  of  PTCBI 
and  bathocuproine  (BCP)  are  used  as  the  exciton-blocking 
layer  (EBL)15  in  the  front  (nearest  the  ITO)  and  back  (nearest 
the  cathode)  subcclls,  respectively,  thereby  forming  a  high- 
efficiency  double  HJ  PV  structure.15  The  two  subcclls  are 
connected  in  series  by  a  charge  recombination  zone  for  elec¬ 
trons  generated  in  the  front  cell  and  holes  generated  in  the 
back  cell.  The  recombination  centers  are  Ag  nanoclusters8 
(~5  A  average  thickness)  buried  in  a  50  A  thick  4,  4', 
4"-tris(3-methyl-phemyl-phenyl-amino)triphenyIamine  (m- 
MTDATA)  /7-doped1-  with  5  mol  %  tetrafluoro-tetracyano- 
quinodimethane.  Device  fabrication  procedures  and  methods 
of  characterization  have  been  described  elsewhere.10 

The  previously  demonstrated  CuPc/PTCBI  tandem  cell8 
has  a  symmetric  spectral  response  from  each  of  the  two  sub¬ 
cclls.  The  optical  interference  between  the  incident  light  and 
(hat  reflected  from  the  metal  cathode  leads  to  a  maximum 
optical  intensity  at  a  distance  of  A/4/7  from  the  organic/ 
cathode  interface,  where  A  is  the  incident  light  wavelength 
and  n  is  the  average  refractive  index  of  the  intervening  or¬ 
ganic  layers.  Improved  performance  is  therefore  expected 
from  an  “asymmetric”  tandem  cell  with  a  front  cell  having 
peak  absorption  tuned  to  the  long-wavelength  spectral  re¬ 
gion,  and  a  back  cell  efficiently  absorbing  at  shorter  wave¬ 
lengths.  Considering  that  CuPc  absorbs  between  A  =  550  nm 
and  750  nm,  and  C^)  between  A  =  350  nm  and  550  nm,  an 
asymmetric  CuPc/C^  hybrid  PM-HJ  tandem  cell  structure  is 
obtained  when  the  front  cell  has  a  thicker  homogeneous 
CuPc  layer  and  a  thinner  C60  layer  than  the  back  cell.  A 
tradeoff'  between  the  homogeneous  and  mixed  layer  thick¬ 
nesses  is  also  required  to  balance  the  photocurrcnt  in  the  two 
subcells,  considering  the  short  exciton  diffusion  lengths  in 
the  homogeneous  layers,  and  the  low  charge  mobilities  in  the 
mixed  layers.13 

Optimization  of  the  CuPc/C60  hybrid  PM-HJ  tandem  cell 
efficiency  begins  by  modeling  the  current  density  versus 
voltage  (J-  V)  characteristics  of  subcell  /  (/=  1,  2  denoting  the 
front  and  back  cell,  respectively)  following:13 


WWnuW) 
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_ i 
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where  Jjj  and  7ph ,  arc  the  dark  and  photocurrcnt  densities, 
respectively,  Jsi  is  the  reverse-bias  saturation  current,  n,  is 

the  ideality  factor,  Ry,  is  the  cell  scries  resistance,  q  is  the 
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electron  charge,  k  is  Boltzmann’s  constant,  and  T  is  the  tem¬ 
perature.  Using  a  model  that  considers  both  optical  interfer¬ 
ence  and  exciton  diffusion,1,16  we  obtain  the  photocurrcnt 
density  ,  under  an  incident  optical  power  density  Pl)%  as¬ 
suming  all  photogenerated  charges  are  collected  at  the  elec¬ 
trodes.  This  assumption  does  not  hold  for  a  cell  with  a  mixed 
layer,  where  molecular  intermixing  leads  to  charge  carrier 
mobilities  that  are  significantly  reduced  from  those  in  poly¬ 
crystalline  homogeneous  regions,1'  thereby  leading  to  re¬ 
combination  of  photogenerated  charges.  The  charge  collec¬ 
tion  efficiency  (defined  as  the  fraction  of  charges  collected  at 
the  electrodes)  as  a  function  of  the  applied  voltage  V  and  the 
mixed  layer  thickness  dm  is13 


Vcc(f/)  = 


1  -  exp 


(2) 


where  Z,t.(  F)  =  Lt.0(Fbl-  V)/  V  is  the  charge  collection  length. n 
Lrf  is  a  constant,  and  Fbi  is  the  built-in  potential.  Given  J, 
=y/(Pr/)  (/=  1,2)  the  J-  V  characteristics  of  the  tandem  cell  are 
obtained  from  the  requirement  that  J=J^=J2  and  V-  K,  +  V2, 
from  which  the  PV  cell  performance  parameters  (^oo  short- 
circuit  current  density  ^sc  fill  factor  FF,  and  rjP)  arc  ob¬ 
tained. 

Cell  A  (see  Table  I)  has  optimized  mixed  layer  thick¬ 
nesses  leading  to  rjP=  5.2%  under  1  sun  AM1.5G  solar  illu¬ 
mination.  A  full  optimization  of  all  photoactive  layer  thick¬ 
nesses  leads  to  a  higher  efficiency  of  rjP=5.9%  (cell  B).  The 
PTCBI  layer  in  the  double  HJ  front  cell  may  also  contribute 
to  the  photocurrent  when  the  front-cell  homogeneous  C()0 
layer  is  removed,  as  CuPc  molecules  in  the  mixed  layer  form 
an  exciton  dissociation  interface  with  PTCBI.  This  leads  to  a 
higher  and  a  maximum  tjp=  6.5%  in  the  optimized  cell 
C,  as  the  PTCBI  absorption1  peak  at  A  =  550  nm  fills  the  gap 
between  the  absorption  regions  of  CuPc  and  C60. 

Figure  1(b)  shows  the  calculated  optical  field  intensity 
profile  in  cell  B.  The  intensity  at  A  =  450  nm  peaks  at  ap¬ 
proximately  400  A  from  the  reflecting  Ag  cathode,  or  300  A 
closer  than  for  A  =  650  nm.  Hence,  making  the  front  cell  rich 
in  longer-wavelength  absorbing  material(s)  and  the  back  cell 
rich  in  shorter-wavelength  absorbing  matcrial(s)  leads  to  in¬ 
creased  absorption  of  the  broad  solar  spectrum.  In  cell  B,  the 
back  cell  has  a  significantly  thicker  homogeneous  C60  layer 
than  the  front  cell,  leading  to  a  higher  external  quantum  ef¬ 
ficiency  in  the  C60  absorption  region  (A  <  550  nm),  as  shown 
in  Fig.  1(c).  As  the  light  intensity  at  A —  650  nm  is  primarily 
located  in  the  front  cell,  the  quantum  efficiency  at 
550  nm<A<750  nm  is  higher  in  the  front  cell  although  the 
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FIG.  2  J  /'characteristics  of  the  asymmetric  organic  tandem  cell  A.  in  the 
dark  and  under  various  intensities  of  simulated  AMI.5G  solar  illumination. 
The  open  symbols  arc  experimental  data,  whereas  the  solid  lines  are  model 
calculations. 

thicknesses  of  the  homogeneous  CuPc  and  the  mixed  layers 
are  approximately  the  same  in  both  subcells. 

The  experimental  J-V  characteristics  of  tandem  cell  A  in 
the  dark  and  under  various  intensities  of  simulated  AM1.5G 
solar  illumination  are  shown  in  Fig.  2  (open  symbols).  The 
open-circuit  voltage  is  *'oc=1  .04  V  under  1  sun  illumination, 
and  approaches  1.2  V  under  10  suns,  approximately  twice  of 
that  of  a  single  CuPc/C60  hybrid  PM-HJ  cell.13  The  solid 
lines  are  calculated  J-  V  characteristics,  which  agree  with  the 
experimental  data  except  for  the  reverse-bias  dark  current,  in 
which  case  generation-recombination  or  thermally  assisted 
tunneling  may  significantly  contribute  to  Jj. 

The  power  conversion  efficiency  of  tandem  cell  A,  de¬ 
rived  from  the  experimental  J-V  characteristics  in  Fig.  2, 
reaches  a  maximum  of  77/>=(5.4±0.3)%  at  ^=0.34  suns,  as 
shown  in  Fig.  3  (filled  squares).  Under  higher  intensity  illu¬ 
mination,  FF  decreases  (inset,  Fig.  3)  due  to  the  relatively 
thick  and  resistive  mixed  layers.  With  thinner  mixed  layers, 
tandem  cell  B  (open  circles)  exhibits  FF=0.56  even  at  11 
suns.  This  leads  to  77/>=(5.7±0.3)%  at  P0^  1  sun,  in  agree¬ 
ment  with  the  model  (see  Table  I).  However,  tandem  cell  C 
(filled  triangles)  has  a  lower  efficiency  than  the  model  pre- 


1  10  100  1000 


PQ  (mW/cm2) 

FIG.  3.  Illumination  intensity  ( Pn )  dependence  of  the  power  conversion 
efficiencies  I  rjr)  of  asymmetric  organic  tandem  cells  (A.  filled  squares:  B. 
open  circles:  C.  filled  triangles)  under  simulated  AM1.5G  solar  illumination, 
compared  with  that  of  the  single  element  CuPc/CNI  hybrid  PM-HJ  cell  (open 
inverted  triangles).  Inset:  The  fill  factor  {FF)  of  the  tandem  and  single 
hybrid  PM-HJ  cells  (sec  Ref.  13). 


diction  (6.5%),  mainly  due  to  a  low  FF «  0.51 .  This  suggests 
that  a  small  energy  barrier  al  the  C60/PTCBI  interface  im¬ 
pedes  electron  transport  toward  the  charge  recombination 
zone.  Nevertheless,  the  efficiencies  of  tandem  cells  A  and  B 
are  higher  than  5%  for  the  single  CuPc/C60  hybrid  PM-HJ 
cell  (open  inverted  triangles  in  Fig.  3),1'  demonstrating  the 
effectiveness  of  stacking  cells. 

In  conclusion,  we  demonstrate  that  the  power  conversion 
efficiency  of  a  tandem  organic  PV  cell  with  hybrid  PM-HJs 
has  the  potential  for  reaching  that  of  a-Si  cells,  currently  in 
production  at  4%  to  6%. 17  By  applying  antireflection  coat¬ 
ings  to  the  glass  substrates,  an  additional  10%  improvement 
to  efficiencies  are  possible,  suggesting  that  the  tandem  cell 
structure  can  attain  efficiencies  in  excess  of  7%.  However, 
the  ultimate  advantage  of  the  asymmetric  tandem  cell  struc¬ 
ture  lies  in  the  ability  to  incorporate  different  D-A  material 
combinations  in  the  individual  subcclls  to  cover  a  broader 
solar  spectral  region  than  the  current  CuPc/C^  system.  In¬ 
deed,  full  solar  spectral  coverage  may  be  optimally  achieved 
employing  a  three-subcell  device,  with  two  subcclls  absorb¬ 
ing  across  the  blue  to  red,  and  a  third  primarily  absorbing  in 
the  near  infrared  following  the  design  principles  outlined 
here.  Provided  that  high  production  yields  and  long  opera¬ 
tional  lifetimes  are  possible  in  properly  packaged  organic 
solar  cell  modules,  the  asymmetric  hybrid  PM-HJ  tandem 
cell  has  considerable  potential  for  use  in  generating  inexpen¬ 
sive,  abundant  electrical  power  from  the  clean  and  renewable 
energy  generated  by  the  sun. 
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The  power  conversion  efficiency  of  organic  photovoltaic  cells 
has  increased  with  the  introduction  of  the  donor-acceptor 
heterojunction  that  serves  to  dissociate  strongly  bound 
photogenerated  excitons1.  Further  efficiency  increases  have  been 
achieved  in  both  polymer2’'  and  small-molecular-mass4  organic 
photovoltaic  cells  through  the  use  of  the  bulk  heterojunction  (BH  J), 
where  the  distance  an  exciton  must  diffuse  from  its  generation  to  its 
dissociation  site  is  reduced  in  an  interpenetrating  network  of  the 
donor  and  acceptor  materials.  However,  the  random  distribution 
of  donor  and  acceptor  materials  in  such  structures  can  lead  to 
charge  trapping  at  bottlenecks  and  cul-de-sacs  in  the  conducting 


pathways  to  the  electrodes.  Here,  we  present  a  method  for  growing 
crystalline  organic  films  into  a  controlled  bulk  heterojunction;  that 
is,  the  positions  and  orientations  of  donor  and  acceptor  materials 
are  determined  during  growth  by  organic  vapour-phase  deposition 
(OVPD5),  eliminating  contorted  and  resistive  conducting  pathways 
while  maximizing  the  interface  area.  This  results  in  a  substantial 
increase  in  power  conversion  efficiency  compared  with  the  best 
values  obtained  by  ‘random’  small-molecular-weight  BHJ  solar 
cells  formed  by  high-temperature  annealing,  or  planar  double 
heterojunction  photovoltaic  cells  using  the  same  archetypal 
materials  systems. 


□ 


OvVCC  . . .. .. 

*vC<vOyO<3XV 

/»W»VA'AV/ 


AAAAAAAA 


Ag  cathode 
Buffer  layer 
Acceptor  layer 

Donor  layer 
I  TO  layer 

Glass  substrate 


Figure  1  Schematic  diagram  of  the  types  of  organic  donor-acceptor  heterojunctions  and  the  structure  of  the  controlled  bulk  heterojunction  (BHJ)  device. 

a  Thermodynamically  driven  BHJ  formed  by  phase  segregation.  The  carrier-conducting  pathways  contain  bottlenecks  and  cul-de-sacs,  b,  Planar  heterojunction  c.  BHJ 
with  a  large  donor-acceptor  interface  area  and  continuous  carrier- conducting  pathways  to  the  opposing  electrodes  formed  by  controlled  growth  d,  Schematic  diagram  of 
a  controlled  BHJ  photovoltaic  device  structure  grown  on  top  of  indium  tin  oxide  (ITO)-coated  glass.  The  donor  material  is  CuPc  and  the  acceptor  is  PTCBI.  The  buffer  layer  is 
BCP  Electrons  are  indicated  by  closed  circles,  holes  by  open  circles,  and  excitons  by  pairs  enclosed  in  dashed  circles 
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Figure  2  SEM  and  atomic  force  microscope  (AFM)  images  of  CuPc  Films,  a.  Surface  of  a  CuPc  film  with  a  continuous  wetting  layer  plus  short  needle-like  crystals  grown 
on  a  silicon  wafer  surface  by  organic  vapour  phase  deposition  (OVPD).  During  a  10-min  growth  duration,  the  source  evaporation  temperature  and  substrate  temperature  are 
fixed  at  (440  ±  5)  °C  and  (100  ±  5)  °C.  respectively.  The  nitrogen  carrier  gas  flow  rate  is  (30.0  ±  0.1)  s.c.c.m.,  and  the  chamber  pressure  is  (0.45  ±  0.01)  torr  b,  Surface  of 
a  CuPc  film  grown  on  ITO-coated  glass  substrate  under  the  same  growth  conditions  as  the  film  in  a.  c,  Surface  of  CuPc  film  grown  on  top  of  ITO-coated  glass  by  OVPD.  This 
structure  containing  a  very  high  density  of  the  protrusions  is  suitable  as  the  bottom  layer  of  a  bulk  heterojunction.  The  source  evaporation  and  substrate  temperatures  are 
fixed  at  (425  ±  5)  °C  and  (100  ±  5)  °C,  respectively.  The  nitrogen  carrier-gas  flow  rate  increases  linearly  from  14  s.c.c.m.  to  200  s.c.c.m.  during  the  6.5-min  growth  duration, 
and  chamber  pressure  rises  from  0.18  torr  to  0.70  torr.  Inset:  AFM  image  of  the  same  sample.  The  average  peak-to-valley  height  is  35  nm.  d,  Surface  of  a  500-A-thick  CuPc 
film  deposited  on  ITO  glass  by  VTE.  Inset:  AFM  image  of  the  sample  with  an  average  peak-to-valley  height  of  3  nm.  Scale  bars:  all  500  nm. 


Bulk  heterojunction  devices  are  characterized  by  an 
interpenetrating  network  of  donor  and  acceptor  materials,  providing 
a  large  interface  area  where  photoinduced  charge  transfer  by  excitons 
into  separated  electrons  and  holes  can  efficiently  occur  (  Fig.  la). 
In  this  case,  excitons  are  always  generated  within  a  diffusion  length 
(-3-10  nm)  of  a  donor-acceptor  interface,  potentially  leading  to 
a  higher  cell  efficiency  than  a  planar  heterojunction  (Fig.  lb).  Two 
methods  have  been  reported  to  make  BHJs  in  organic  photovoltaic 
cells:  phase  separation  during  spin-coating  of  polymers23,  and 
phase  segregation  from  a  donor-acceptor  mixture  induced  by  high- 
temperature  annealing  of  small-molecular-weight  organic  layers4. 
Both  of  these  thermodynamically  driven’  methods  have  resulted 
in  increased  power  conversion  efficiencies  (//P).  For  example,  in 
photovoltaic  cells  based  on  copper  phthalocyanine  (CuPc)  as  the 
donor  and  3.4,9, 10-perylenetetracarboxylic  bis-benzimidazole 
(PTCB1)  as  the  acceptor,  r/r>  increases  from  1%  in  a  planar 
heterojunction1  to  1 .4%  in  devices  with  a  BHJ  formed  by  annealing- 
induced  phase  segregation  of  a  homogeneous  mixture  phase  of  the 
two  materials4.  Because  of  space  charge  effects  in  the  confines  of  the 
BHJ  structure,  the  fill  factor  (FF)  is  usually  lower  than  for  a  planar 
heterojunction  under  standard  1-sun  illumination  (lOOmWcm-2) 
conditions2  4.  Hence,  although  the  high  surface-area  characteristic  of 
the  BHJ  is  desirable,  the  disordered  structure  is  ultimately  limited  by 
a  high  series  resistance.  In  this  work,  we  show  that  OVPD  can  be  used 
in  the  controlled  growth  of  an  ordered  BHJ  (Fig.  lc),  largely  free  of 
the  conductive  bottlenecks  and  cul-de-sacs  that  are  characteristic 
of  thermodynamically  driven  systems  where  the  interdigitation 
between  the  donor  and  acceptor  layers  is  randomly  structured  owing 
to  the  entropy  of  the  interface  formation  process. 
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Figure  3  Bragg-Brentano  X-ray  diffractograms  of  CuPc  films  grown  on  ITO 
using  the  Cu-Ka  line,  a,  Diffraction  from  a  CuPc  film  with  a  highly  folded  surface  as 
shown  in  Fig.  2c.  The  average  film  thickness  is  -450  A.  b,  Diffraction  from  a  500- 
A-thick,  planar  CuPc  film  grown  by  VTE.  as  shown  in  Fig.  2d.  CuPc  and  ITO  crystal 
indices  are  noted. 
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Figure  4  Morphology  of  films  grown  on  top  of  a  highly  folded  underlying  CuPc  layer  by  VTE  and  OVPD.  a,  Schematic  diagram  of  the  conformal  surface  and  shadowing 
effects  resulting  from  the  ballistic  trajectories  followed  by  the  incident  molecules  in  VTE.  b,  SEM  image  of  the  surface  of  a  PTCBI/BCP/Ag  film  grown  by  VTE  on  top  of  CuPc 
needle  arrays.  Voids  form  at  the  bases  of  the  protruding  needles  because  of  shadowing.  Note  the  striations  clearly  apparent  on  the  sides  of  the  needles,  suggesting  their 
crystalline  nature,  c.  Schematic  diagram  of  the  planar  surface  and  gap-filling  characteristic  of  the  top  film  grown  by  OVPD  that  results  from  increased  surface  diffusion  and 
random  arrival  directions  of  molecules,  d.  SEM  images  of  the  planarized  surface  of  a  PTCBI  layer  (500  ±  25)  A  thick  grown  on  top  of  CuPc  needles,  shown  in  Fig.  2c.  Inset: 
cross-section  of  the  completed  photovoltaic  device.  From  bottom  to  top.  the  layers  are:  glass,  ITO  (thickness:  -1,500  A);  CuPc/PTCBI/BCP  (100  A);  Ag  (1,000  A) 

Scale  bars:  all  500  nm. 


A  schematic  of  the  controllecf  bulk  heterojunction  photovoltaic 
cell  is  shown  in  Fig.  Id.  The  cell  is  grown  on  a  pre-cleaned,  glass 
substrate  coated  with  15  O/sq.  [Author:  Please  clarify,  is  this  per 
square  of?)  indium  tin  oxide  (ITO),  followed  by  the  donor  (CuPc) 
and  acceptor  (PTCBI)  layers,  an  exciton  blocking  and  electron¬ 
conducting  layer  of  bathocuproine  (BCP) .  and  finally  an  Ag  cathode. 
The  use  of  the  exciton  blocking  layer  forms  a  second  heterojunction 
that  significantly  increases  efficiency  in  thin  photovoltaic  cells6.  To 
form  the  BHJ,  the  top  surface  of  the  donor  layer  needs  to  be  highly 
folded,  whereas  the  acceptor  layer  should  fill  the  gaps  and  recesses  of 
the  underlying,  rough  donor  film.  In  addition,  the  top  surface  of  the 
acceptor  layer  should  be  flat  to  prevent  the  formation  of  shorts  or 
pinholes  between  the  opposing  electrodes. 

Organic  thin-film  crystal  size  and  morphology  is  controllable  in 
OVPD  by  adjusting  the  substrate  temperature,  carrier-gas  flow  rate 
and  chamber  pressure’ 7.  Hence,  this  technique  can  prove  useful  when 
applied  to  the  growth  of  both  the  planar  and  highly  folded  layers,  as 
required  in  a  BHJ  solar  cell.  Furthermore,  as  will  be  discussed  below, 
a  unique  and  critical  feature  of  OVPD  compared  with  vacuum 
thermal  evaporation  (VTE)  is  the  large  molecular  surface  diffusivity 
and  the  non-ballistic  trajectories  followed  by  the  molecules  in  their 
arrival  at  the  substrate  surface8.  Hence.  OVPD  growth  is  particularly 
effective  in  generating  planar  layers  that  fill  preexisting  voids  and 
other  surface  non-uniformities  on  the  substrate. 

In  our  devices.  CuPc  and  PTCBI  are  deposited  in  a  quartz 
reactor  that  is  similar  to  the  glass  reactor  previously  described  for  the 
growth  of  organic  thin-film  transistors  and  light  emitting  devices7  °. 
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In  contrast  to  those  earlier  device  demonstrations,  however, 
materials  used  in  photovoltaic  cells  have  considerably  higher 
evaporation  temperatures  (-450  °C  versus  -250  °C  for  pentacene 
transistors,  for  example),  requiring  modification  of  the  deposition 
system  to  prevent  material  re-evaporation  after  physisorption  on  the 
substrate.  With  the  source  evaporation  temperature  at  (440  ±  5)  °C. 
a  substrate  temperature  at  (100  ±  5)  °C.  a  nitrogen  carrier-gas  flow 
rate  of  (30.0  ±  0.1)  standard  cubic  centimetres  per  minute  (seem), 
and  a  chamber  pressure  of  (0.45  ±  0.01)  torr,  a  10-min  OVPD 
strained-layer  deposition  of  CuPc  onto  a  silicon  substrate  results  in 
a  Stranski-Krastonov  island-plus-layer  growth  mode10,  generating 
the  combination  of  a  thin  but  continuous  wetting  layer  plus  short 
needles,  as  shown  by  the  scanning  electron  microscope  (SEM)  image 
in  Fig.  2a. 

Under  the  same  growth  conditions,  crystalline  CuPc  needles  as 
long  as  a  few  micrometres  are  grown  on  ITO-coated  glass  (Fig.  2b). 
apparently  because  of  the  larger  strain  between  the  film  and  the  ITO 
crystallites,  in  contrast  to  the  relatively  low  strain  introduced  by  the 
thin  amorphous  oxide  layer  on  the  silicon  wafer  surface.  In  this  case, 
however,  the  needle  length  is  -100  times  that  required  in  an  efficient 
photovoltaic  cell  (about  50  nm). 

For  high-efficiency  charge  transfer,  the  donor-acceptor  interface 
should  lie  within  a  diffusion  length  (-10-50  nm  for  CuPc)  of 
the  exciton  generation  site.  Because  a  colder  substrate  favours  a 
higher  nucleation  density,  the  substrate  temperature  is  reduced  to 
(16  ±  2)  °C,  whereas  the  source  material  temperature  is  (425  ±  5)  °C. 
Furthermore,  the  N?  flow  rate  is  increased  linearly  from  14  seem  to 
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Figure  5  Performance  of  an  OVPD-grown,  controlled  CuPc/  PTCBI  BHJ 
photovoltaic  cell,  a,  Typical  current-voltage  characteristics  of  the  BHJ  device  in 
comparison  with  a  planar  heterojunction  (PHJ)  produced  by  OVPD,  PHJ  by  VTE, 
and  BHJ  by  annealing*  at  incident  power  level  of  1  sun  using  AM1.5G  simulated 
solar  irradiation  The  open-circuit  voltages  are  similar  for  all  CuPc/PTCBI  cells, 
and  the  maximum  photocurrent  density  is  achieved  in  the  BHJ  device  by  OVPD 
The  comparison  of  device  characteristics  is  listed  in  Table  1 .  b,  Fit  of  the  dark  J-V 
characteristics  of  the  OVPD  BHJ  device,  where  the  solid  line  is  the  experimental 
data,  and  the  circles  are  a  fit  according  to  the  modified  ideal  diode  equation.  Under 
reverse  bias,  the  dark  current  is  higher  than  predicted  by  this  simple  analysis 
owing  to  the  presence  of  current  sources  other  than  diffusion  (for  example, 
generation-recombination  and  shunt  currents  may  also  be  present),  c,  The  power 
conversion  efficiency,  >/P  (closed  squares),  open-circuit  voltage,  VK  (open  squares), 
and  fill  factor,  FF  (triangles),  as  functions  of  the  incident  optical  power  intensity  P0 
for  the  OVPD-grown,  controlled  CuPc/PTCBI  BHJ  photovoltaic  device.  A  maximum 
power  efficiency  at  1  sun  (100  mW  cm-2)  intensity  of  t]y  =  (2.7  ±  0.1)%  is  obtained, 
a  value  significantly  higher  than  is  achieved  for  planar  or  ’random'  BHJ  structures 
previously  reported  for  this  archetypal  materials  system  for  photovoltaic  cells. 


200  seem  during  the  6.5-min  growth  duration,  resulting  in  a  rise  in 
chamber  pressure  from  0.18  to  0.70  torr.  In  this  ease,  the  densely 
distributed  short  needles  have  an  average  diameter  of  30  nm  and 
peak-to-vallcy  height  of  35  nm.  corresponding  to  70%  of  the  mean 
thickness  of  the  CuPc  film  (Fig.  2c).  In  contrast,  the  average  peak-to- 
valley  height  of  a  vacuum-deposited  CuPc  film  of  the  same  thickness 
is  only  3  nm  (Fig.  2d). 

The  X-ray  diffraction  spectrum  of  the  OVPD  CuPc  film  is 
shown  in  Fig.  3a,  and  is  similar  to  that  of  a  500-A- thick  CuPc  film 
grown  by  vacuum  thermal  evaporation  (Fig.  3b).  The  diffraction 
peak  at  29-  6.7°  confirms  the  existence  of  the  u-CuPc  phase.  The 
domain  size  is  calculated  to  be  (20  ±  5)  nm  from  the  full  widtli  at 
half  maximum  of  the  diffraction  peak11,  from  which  we  infer  that 
each  small  protrusion  in  Fig.  2c  is  a  single  CuPc  microcrystalline 
domain.  Because  the  charge  mobility  is  higher  in  crystalline  than 
in  amorphous  materials12 ,3t  the  existence  of  crystalline  structures  is 
important  for  ensuring  a  low  cell  series  resistance. 

Growth  of  CuPc  is  followed  by  that  of  a  PTCBI  layer 
(500  ±  25)  A  thick  without  exposing  the  interface  to  atmosphere.  To 
ensure  a  flat  surface,  the  source  material  is  heated  to  (462  ±  3)  °C. 
while  the  substrate  is  maintained  at  (16  ±  5)  °C.  The  N2  flow  rate 
is  fixed  at  (150  ±1)  seem  for  10.4  min.  resulting  in  a  chamber 
pressure  of  (0.58  ±0.01)  torr.  A  1 00- A-thick  BCP  exciton-blocking 
and  electron-conducting  layer  and  a  1,000- A-thick  silver  circular 
cathode  contact  (1  mm2)  deposited  through  a  shadow  mask  are 
grown  by  conventional  vacuum  thermal  evaporation  to  complete 
the  photovoltaic  cell. 

In  VTE,  the  deposited  film  typically  has  a  morphology  that 
conforms  to  the  underlying  surface,  resulting  in  some  shadowed 
areas  (see  Fig.  4a),  owing  to  the  long  mean  free  paths  and  ballistic 
trajectories  followed  by  the  incident  molecules.  Hence,  the  PTCBI 
surface  follows  that  of  the  CuPc  protrusions,  also  resulting  in  a 
second,  highly  folded  top  surface.  In  that  case,  voids  will  develop 
where  the  protrusions  shadow  the  underlying  surface  of  the  film 
from  the  PTCBI  source  cell  (Fig.  4b).  Although  these  problems  can 
be  reduced  (but  not  eliminated)  by  using  substrate  rotation,  this 
can  increase  the  processing  cost  and  also  prohibit  adaptation  for 
continuous  roll  processing,  which  is  more  easily  accomplished  by  the 
conformal  character  of  OVPD.  The  diagonal  striations  on  the  edges 
of  the  needles  give  a  further  suggestion  of  their  crystalline  nature.  In 
contrast,  in  OVPD  growth,  surface  diffusion  coupled  to  the  random 
arrival  directions  as  the  molecules  traverse  the  boundary  layer  at  the 
substrate  surface8  results  in  a  flattened  top  film  surface  with  complete 
filling  of  the  spaces  beneath  the  needles  in  the  underlying  CuPc.  as 
shown  in  Fig.  4c  and  d. 

For  comparison  to  the  bulk  heterojunction  photovoltaic  cell, 
we  also  grew  a  planar  heterojunction  ITO/450  A  CuPc/500  A 
PTCB1/100  A  BCP/1 .000  A  Ag.  The  planar  CuPc  layer  was  deposited 
for  3  min  with  a  source  temperature  of  (445  ±  3)  °C.  a  substrate 
temperature  of  (3  ±  5)  °C.  and  a  N2  flow  rate  of  (100  ±  1)  seem.  The 
PTCBI  is  deposited  under  the  same  conditions  as  used  for  the  BHJ 
device. 

The  current  density-voltage  characteristics  of  the  BHJ  and  other 
double  heterojunction  CuPc/PTCBI  photovoltaic  cells  are  combined 
in  Fig.  5a.  whose  performances  are  compared  in  Table  1.  The  short- 
circuit  current  density  l/sc)  for  the  controlled  BHJ  is  about  twice 
'  that  obtained  for  a  vacuum-deposited6  or  OVPD-grown  planar 
heterojunction  photovoltaic  cell.  Furthermore  it  is  about  20% 
higher  than  for  a  previously  reported  thermodynamically  driven 
BHJ  demonstrated  by  annealing  a  mixed  CuPc/PTCBI  layer’1.  More 
significantly,  the  dependence  of  the  photocurrent  on  reverse  bias  of 
the  grown  BHJ  is  considerably  reduced  from  that  observed  for  the 
annealed  device.  We  fitted  the  dark-current  density  characteristics 
using  the  ideal  diode  equation  including  series  resistance  that  has 
been  previously  shown  to  apply  to  molecular  organic  photovoltaic 
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Table  1  Comparison  of  performance  of  several  ITO/CuPc/PTCBI/BCP/Ag 

photovoltaic  cell  structures* 

Jv 

FF 

nr 

Ref 

(mA  cnv'O 

(V) 

(%) 

(ilenv) 

Planar  VTE 
heterojunction 

6 

0.49 

0.49 

1.1  ±0.1 

30  ±10 

6 

Annealed  bulk 
heterojunction 

9 

0.50 

040 

1.4  ±0.1 

60  ±10 

4 

Planar  OVPD 
heterojunction 

5 

0.48 

0.47 

1.1  ±0.1 

18.2  ±0.5 

Tins 

work 

Controlled 
bulk  OVPD 
heterojunction 

11 

0.49 

0.58 

2.7  ±0.1 

2.2  ±0.1 

This 

work 

Hero.  7V  is  Ihe  shod -circuit  current  density,  K*  Is  the  open-circuit  voltage,  FF  is  the  fill  factor.  >/„  is  the  external  power 
efficiency  and  is  the  specific  senes  resistance 

*The  illumination  intensity  is  1  sun  (100  mW  cm  I  simulated  AMI  5G  for  all  four  devices. 


devices6,1415.  From  Fig.  5b.  showing  the  fit  (circles)  to  the  data  (solid 
line),  we  infer  a  specific  series  resistance  of  Z?SA  =  (2.2  ±  0.1)  H  cm2, 
which  is  smaller  than  the  value  obtained  from  a  random  BHJ  device4 
where  /?SA  =  (60  ±  10)  ft  cm2.  This  suggests  that  series  resistance  due 
to  the  amorphous  growth,  or  to  bottlenecks  to  carrier  collection  has 
been  reduced  in  the  OVPD-grown  BHJ  cell. 

The  dependence  of  the  performance  characteristics  under 
illumination  is  shown  in  Fig.  5c.  For  control,  we  obtain  a  1%  power- 
conversion  efficiency  for  a  conventional  CuPc/PTCBI  bilayer  cell1 
under  AM1.5G  illumination  using  a  calibrated  solar  simulator6, 
which  is  consistent  with  efficiencies  reported  elsewhere1617.  In  the 
case  of  the  BHJ  cell,  using  1 -sun-intensity,  AM1.5G  simulated 
radiation,  we  obtain  an  open-circuit  voltage  of  =  (0.50  ±  0.03)  V 
at  1  sun  intensity  (lOOmWcnr2).  characteristic  of  the  CuPc/ 
PTCB1  heterojunction  system.  The  fill  factor  of  the  OVPD-grown. 
controlled  BHJ  device  is  FF  >  0.5  for  illumination  over  the  range 
of  0.01-10  suns  (1-1000  mW  cm'2).  The  combination  of  high 
photocurrent  density  and  fill  factor  results  in  a  high  external  power 
conversion  efficiency  (rjp),  with  a  maximum  of  rjP  -  (2.7  ±  0.1)%  at 
100  mW  cm'2.  Referring  to  Table  1.  rjP  is  about  2.5  times  as  high  as 
was  achieved  using  a  comparable  planar  heterojunction  photovoltaic 
cell,  and  1 .9  times  as  high  as  an  annealed,  thermodynamically  driven 
BHJ.  suggesting  that  the  controlled  growth  of  the  CuPc/PTCBI 
BHJ  results  in  the  desired  increase  injunction  surface  area  without 
introducing  an  increased  cell  series  resistance.  Because  the  CuPc 
crystal  sizes  deduced  from  X-ray  diffraction  are  the  same  (-20  nm) 
for  the  OVPD-grown  BHJ  and  the  previously  reported  annealed 
BH J  \  we  infer  that  the  increase  in  efficiency  is  mainly  due  to  the  larger 
carrier-transport  efficiency  in  a  highly  ordered  bulk  heterointerfacc. 
In  addition,  we  have  observed  that  the  power  efficiency  of  an  OVPD- 
grown  CuPc/Ceo  BHJ  device  is  the  same  as  a  VTE-grown  CuPc/Cgn 
mixed  layer  heterojunction18,  from  which  we  can  also  infer  that  the 
large  interface  area  plays  a  significant  role. 

This  work  opens  several  new  avenues  for  controlling  the  thin- 
film  morphology  of  organic  heterojunction  devices,  and  has  already 
resulted  in  a  striking  increase  in  efficiency  for  an  organic  BHJ  solar 
cell.  We  expect  that  further  understanding  and  control  of  the  unique 
growth  properties  characteristic  of  OVPD  will  produce  further 
improvements  in  the  performance  of  organic  photovoltaic  and  other 
optoelectronic  devices. 
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Experimental 

The  foaming  solutions  were  prepared  by  mixing  a  cationic  surfac¬ 
tant  (tctradccyltrimcthylamonium  bromide,  TTAB)  or  an  anionic  sur¬ 
factant  (sodium  dodecylsulfate,  SDS),  with  water,  titanium  ethoxide, 
and  HC1.  Typically,  titanium  ethoxide  was  added  to  an  aqueous  solu¬ 
tion  of  TTAB  (35  wt.-%)  or  SDS  (15  wt.-%)  in  order  to  reach  a  pro¬ 
portion  of  10  wt.-%.  Then,  the  pH  of  the  solution  was  adjusted  to 
pH  =  1  by  adding  HC1  (37  %).  The  mixture  was  subjected  to  strong 
stirring  for  30  min  to  homogenize  the  solution  and  to  evaporate  etha¬ 
nol  produced  by  the  hydrolysis  of  titanium  alkoxide.  A  particulate  sol 
could  be  obtained  by  aging  for  20  h.  Foam  was  obtained  by  bubbling 
nitrogen  through  a  porous  glass  disk  into  perfluorohexane  in  a 
2.5  cm-diameter,  60  cm-high  Plexiglas  column.  Different  porosity 
glass  disks  (100-160  pm,  40-100  pm,  16-40  pm,  or  10-16  pm)  could 
be  used  to  introduce  nitrogen  into  the  foaming  solution.  The  reaction 
took  place  inside  the  Plexiglas  column.  During  the  reaction,  the  foam 
was  wetted  from  above  with  the  foaming  solution.  Imposing  a  sol  flux 
Q  at  the  top  of  the  foam  allowed  the  imposition  of  a  constant  and 
homogeneous  liquid  fraction  to  the  entire  sample.  Varying  the  sol  flux 
Q  at  the  top  of  the  foam  varied  the  liquid  fraction,  and  thus  tuned  the 
morphology  of  the  foam.  Metastable  foams  were  recovered  at  the  top 
of  the  column  with  a  spatula  and  stored  in  a  beaker.  Then,  the  foam 
was  immediately  treated  with  an  aqueous  ammonia  solution  (20  wt.- 
%)  with  a  pipette  in  order  to  promote  titanium  dioxide  condensation. 
The  quantity  of  ammonia  used  during  the  process  depended  upon  the 
foam-liquid  fraction.  Typically,  we  used  0.5  mL  of  ammonia  solution 
for  100  mL  of  foam  and  a  sol  flux  of  0.024  gs"\  so  the  ratio  was  2  mL/ 
100  mL  for  a  sol  flux  of  0.160  gs'1.  The  final  foams  were  then  frozen 
overnight  and  lyophilized  for  5  h.  The  resulting  hybrid  organic-inor¬ 
ganic  monolith-type  materials  were  then  thermally  treated  at  500  °C  in 
order  to  obtain  the  anatase  structure  of  Ti02,  or  at  900  °C  to  obtain  the 
rutile  structure.  The  heating  rate  was  2°Cmin-\  with  a  first  Plateau  at 
200  °C  for  2  h.  The  cooling  process  was  uncontrolled  and  depended 
upon  oven  cooling.  The  final  inorganic  scaffolds  were  then  analyzed. 

Transmission  electron  microscopy  (TEM)  experiments  were  per¬ 
formed  with  a  Jeol  2000  FX  microscope  (acceleration  voltage  of 
200  kV).  The  samples  were  prepared  as  follows:  Ti02  scaffolds  in  a 
powder  state  were  deposited  on  a  copper  grid  coated  with  a  Formvar/ 
carbon  membrane.  Scanning  electron  microscopy  (SEM)  observations 
were  performed  with  a  Jeol  JSM-840A  SEM  operating  at  10  kV.  The 
specimens  were  gold-coated  or  carbon-coated  prior  to  examination. 
Mesoscale  surface  areas  and  pore  characteristics  were  obtained  with  a 
Micromeritics  ASAP  2010  instrument,  employing  the  Brunauer-Em- 
mett-Teller  (BET)  method.  Prior  to  performing  the  nitrogen  adsorp¬ 
tion-desorption  measurements,  the  macrocellular-foam  monoliths  were 
reduced  to  a  powder  state.  Small-angle  X-ray  experiments  were  carried 
on  with  an  18  kW  rotating-anode  X-ray  source  (Rigaku-200)  using  a 
Ge  (111)  crystal  as  the  monochromator.  The  scattered  radiation  was 
collected  on  a  two-dimensional  detector  (Imaging  Plate  system  from 
Mar  Research,  Hamburg).  The  sample-detector  distance  was  500  mm. 
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ity  with  flexible  substrates.  Over  the  past  decade,  the  power 
conversion  efficiency  (rjP)  of  organic  PV  cells  has  steadily 
improved,12-*1  reaching  4.2  %  under  intense  simulated 
AM1.5G  (AM:  air  mass,  G:  global)  solar  illumination,171 
although  further  improvements  in  efficiency  and  stability  are 
necessary  for  commercial  application.13  61 

In  organic  materials,  light  absorption  leads  to  the  formation 
of  excitons,  or  bound  electron-hole  pairs,  rather  than  the  free 
electron-hole  pairs  produced  in  inorganic  semiconductors.181 
Efficient  exciton  dissociation  occurs  under  strong  electric 
fields,  or  at  donor-acceptor  (D-A)  heterointerfaces,  where 
the  differences  in  the  electron  affinities  and  the  ionization  po¬ 
tentials  between  the  contacting  materials  are  sufficiently  large 
to  overcome  the  exciton  binding  energy.131  The  latter  mecha¬ 
nism  has  been  employed  to  create  an  organic  D-A  planar  het¬ 
erojunction  (HJ)  PV  cell  with  rj?~\  %,(2)  which  was  limited 
because  the  exciton  diffusion  length  (LD<100  A)131  is  much 
shorter  than  the  optical  absorption  length  (LA~  1000  A).  The 
use  of  C^o  (Ld~400  A)131  as  the  acceptor  material  in  a  double 
HJ  cell  leads  to  a  considerably  improved  power  conversion 
efficiency  of  rjP<  4.2  %. 17,91 

One  way  to  improve  the  fraction  of  photogenerated  exci¬ 
tons  that  diffuse  to  the  D-A  interface  (i.e.,  the  exciton  diffu¬ 
sion  efficiency)  is  to  create  an  interpenetrating  network  of  the 
donor  and  acceptor  materials,  resulting  in  a  spatially  distribut¬ 
ed  D-A  interface  that  lies  within  a  distance,  Ld,  of  every  exci¬ 
ton  generation  site.  This  so-called  bulk  HJ,  formed  by  using 
blends  of  donor  and  acceptor  polymers110,111  or  mixtures  of  co¬ 
deposited  small  molecules,112-151  has  been  used  to  achieve  in¬ 
ternal  quantum  efficiencies  up  to  85  %  and  rjP< 3.5  %. 113,16,171 
The  collection  efficiency  of  photogenerated  carriers  at  the  re¬ 
spective  electrodes  in  a  bulk  HJ  cell,  however,  is  critically  de¬ 
pendent  on  the  transport  properties  of  the  interpenetrating 
network  of  the  donor  and  acceptor  materials. 

Here,  we  demonstrate  a  hybrid  planar-mixed  molecular  het¬ 
erojunction  (PM-HJ)  photovoltaic  cell  consisting  of  a  mixed 
layer  of  donor  and  acceptor  molecules  sandwiched  between 
homogeneous  layers  of  the  donor  and  acceptor  materials. 
Because  each  homogeneous  layer  has  a  thickness  of  approxi¬ 
mately  Ld,  excitons  generated  across  the  entire  heterojunction 
structure  have  a  high  probability  of  diffusing  to  a  nearby  D-A 
interface.  Efficient  exciton  dissociation  occurs  throughout  the 
mixed  layer  as  well  as  at  the  interfaces  between  the  mixed  layer 
and  the  adjacent  homogeneous  layers.  While  the  thicknesses  of 
the  homogeneously  composed  layers  were  determined  by  Lq, 
we  found  that  the  mixed-layer  thickness  must  be  less  than  a 
characteristic  parameter  referred  to  as  the  carrier  collection 
length,  Tc,  in  order  to  alleviate  the  charge-collection  bottle¬ 
neck  in  the  resistive  mixed  layer.  Hence,  the  hybrid  PM-HJ 
structure  has  both  the  high  exciton-diffusion  efficiency  of  a 
bulk  HJ  structure,  and  the  low  resistance  to  charge  transport  of 
a  planar  HJ.  We  fabricated  a  PM-HJ  photovoltaic  cell  consist¬ 
ing  of  the  donor,  copper  phthalocyanine  (CuPc),  and  the  ac¬ 
ceptor,  C$o,  and  obtained  a  power  conversion  efficiency  of 
qP  =  (5.0±0.3)  %  under  1  to  4  suns  of  simulated  AM1.5G  solar 
illumination  (1  sun  =  100  mW  cm"2). 


The  structure  of  the  hybrid  PM-HJ  cell  is  indium  tin  oxide 
(ITO)/CuPc/CuPc:CW)(l:l  by  weight)/C$<)/bathocuproine 
(BCP)/1000  A  Ag.  Similar  three-layered  structures  have  been 
reported  previously,118,191  however,  the  advantage  of  the  hy¬ 
brid  PM-HJ  structure  was  not  fully  realized  due  to  the  use  of 
excessively  thick  mixed  layers  (400  A,  which  exceeded  Lc) 
and  a  different  material  system  in  those  earlier  works.  Fig¬ 
ure  1  shows  the  dark-current  density  versus  voltage  (J-V) 
characteristics  for  a  planar  HJ  and  a  hybrid  PM-HJ  cell  whose 


Voltage.  V  (V) 


Figure  1.  Dark-current  density  versus  voltage  ( J-V)  characteristics  for  a 
planar  Hj  (open  squares)  and  a  hybrid  PM-H)  (open  circles)  organic 
photovoltaic  cell.  The  device  structures  are  ITO/CuPc(200  A)/C60(400  A)/ 
BCP(100  A)/Ag(1000  A)  and  ITO/CuPc(100  A)/CuPc:C6O(200  A;  1:1  by 
weight)/C*o(300  A)/BCP(100  A)/Ag(1000  A),  respectively.  The  solid  lines 
are  fits  to  the  J-V  characteristics  based  on  the  modified  diode  equation 
(see  text).  Inset:  schematic  energy  level  diagram  of  the  hybrid  PM-Hj  cell. 

schematic  energy  level  diagram  is  shown  in  the  inset.  The  pla¬ 
nar  HJ  cell  had  a  donor  layer  thickness  d0  =  200  A  and  an  ac¬ 
ceptor  layer  thickness  dA=400  A.  For  the  hybrid  PM-HJ  cell, 
JD  =  100  A,  c/A=300  A,  and  the  thickness  of  the  mixed  layer 
was  dm  =  200  A.  Both  cells  exhibited  rectification  ratios  >  10* 
at  ±1  V,  and  shunt  resistances  >1  MQcm2.  The  forward-bias 
characteristics  can  be  fit  (solid  lines)  using  the  modified  diode 
equation:1201 

/  =  (!) 

where  J%  is  the  reverse-bias  saturation  current  density,  n  is  the 
ideality  factor,  Rs  is  the  series  resistance,  q  is  the  electron 
charge,  k  is  Boltzmann’s  constant,  and  T  is  the  temperature. 
While  Rs  (-0.25  Qcm2)  is  approximately  the  same  for  both 
cells,  n  is  reduced  from  1.94  ±0.08  for  the  planar  HJ  cell,  to 
1.48  ±0.05  for  the  hybrid  PM-HJ  cell,  and/s  is  also  reduced  from 
(5±1)  x  10"7  A  cm"2  (planar  HJ)  to  (1.0 ±0.3)  x  10-8  A  cm'2  (hy¬ 
brid  PM-HJ). 

The  lower  n  and  Js  for  the  hybrid  PM-HJ  cell  are  attributed 
to  the  reduction  in  the  recombination  current  in  the  depletion 
region  of  this  structure.  The  large  highest  occupied  molecular 
orbital  (HOMO)  and  lowest  unoccupied  molecular  orbital 
(LUMO)  offsets  (-  1  eV)191  at  the  CuPc/C$o  interface  lead  to  a 
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negligible  diffusion-emission  current  in  the  planar  HJ  cell.1211 
Hence,  the  dark  current  is  dominated  by  recombination  in  the 
depletion  region,  leading  to  h~2.1201  According  to  the  Shock¬ 
ley-Hall-Read  model,  Js  for  the  recombination  current  is  ex¬ 
pressed  as:1201 

Arec  =  =  \^  WNX ffl\h  (2) 


where  n,  is  the  intrinsic  electron  or  hole  concentration,  W  is 
the  depletion  width,  r  =  1  /(N{ov{h)  is  the  effective  carrier  life¬ 
time,  N,  is  the  total  density  of  recombination  centers,  o  is  the 
electron-  or  hole-capture  cross-section,  and  v,h  is  the  carrier 
thermal  velocity.  It  has  been  shown1221  that  v,h  is  approxi¬ 
mately  proportional  to  the  carrier  mobility  n  in  disordered 
semiconductors,  where  carrier  transport  occurs  via  hopping. 
As  the  mean  distance  between  neighboring  molecules  of  the 
same  species  in  a  D-A  mixture  is  larger  than  that  in  a  homo¬ 
geneous  layer,  the  hopping  mobilities  for  holes  in  the  donor 
and  for  electrons  in  the  acceptor  materials  are  reduced  upon 
molecular  intermixing,  thereby  resulting  in  a  reduction  of  7S. 
Consequently,  the  contribution  of  diffusion  to  the  dark  cur¬ 
rent  becomes  appreciable,  leading  to  h~1.5  in  the  hybrid 
PM-HJ  cell.  Moreover,  by  comparing  Js  for  the  planar  HJ  and 
hybrid  PM-HJ  cells,  we  infer  that  the  hole  mobility  in  CuPc 
and  the  electron  mobility  in  CW)  are  reduced  by  approximately 
one  and  a  half  orders  of  magnitude  by  intermixing  CuPc  and 
Qo  at  a  ratio  of  1:1  by  weight. 

Because  of  the  reduced  mobility  in  the  mixed  D-A  layer, 
the  carrier  drift  length,  /,  in  an  electric  field,  E,  (l=fnE)  be¬ 
fore  recombination,  may  be  comparable  to  or  less  than  the 
mixed-layer  thickness,  leading  to  incomplete  collection  of 
photogenerated  charges  at  the  electrodes.  Charge  transport  in 
the  homogeneous  layers  is  considered  to  be  lossless  as  photo- 
generated  holes  and  electrons  are  spatially  separated,131  ex¬ 
cept  when  the  applied  voltage  approaches  the  built-in  poten¬ 
tial  (corresponding  to  significantly  reduced  carrier  drift 
lengths).171  Hence,  following  the  treatment  by  Crandall  used 
for  p-i-n  amorphous-silicon  (a-Si)  solar  cells,1231  we  obtained 
the  charge-collection  efficiency,  rj cc,  (i.e.,  the  percentage  of 
photogenerated  charges  collected  at  the  electrodes)  for  an  or¬ 
ganic  PV  cell  with  a  mixed  D-A  layer  as  follows: 


' cc 


■  ht 
dm 


exp 


(-£) 


(3) 


where  the  collection  length,  Lc,  is  the  sum  of  the  hole  and 
electron  drift  lengths.1231  From  Equation  3,  it  is  clear  that 
rjc c*l  for  dm«Lc,  and  rjCc~Lc/dm  for  dm»Lc ,  suggesting 
that  the  mixed  layer  should  be  thinner  than  the  corresponding 
collection  length  to  obtain  a  high  charge-collection  efficiency. 
Furthermore,  rjCc  is  a  function  of  the  applied  voltage  through 
the  field  dependence  of  Lc : 


Lc  =  (w  +  V«n)  (Vbi  -  V)/W  »  Lm (Vb,  -  V)/Vbi  (4) 

where  rp  (rn)  is  the  hole  (electron)  lifetime,  (ptn)  is  the  hole 
(electron)  mobility,  Vbi  is  the  built-in  potential,  and 


£co  =  (V*p  + wO^b./W  =  Lc(V  =  0).  Hence,  rjcc  decreases 
with  the  applied  voltage,  more  significantly  so  for  a  cell  with  a 
thicker  mixed  layer,  corresponding  to  a  lower  fill  factor  (FF) 
for  the  PV  cell.  It  is  therefore  important  to  have  high  carrier 
mobilities  in  the  mixed  layer  such  that  Lc  is  comparable  to  the 
optical  absorption  length,  to  take  full  advantage  of  the  high 
exciton-diffusion  efficiency  of  the  mixed  molecular  HJ  struc¬ 
ture. 

With  the  dark-current  density,  Jd ,  described  by  Equation  1 . 
and  the  photocurrent  density,  7Ph,  given  by  7ph(V0  = 
PoRoVcdn  where  F0  is  the  incident  optical  power  density 
and  R0  is  the  responsivity  corresponding  to  rjcc=\y  we  now 
obtain  the  total  current  density  under  illumination  as 
J(V)  =Jd(V)  +/ph(V).  As  shown  in  Figure  2,  our  model  (solid 
lines)  reproduced  the  experimental  J-V  characteristics  of  both 
the  hybrid  PM-HJ  cell  in  Figure  1  (open  squares,  dm  =  200  A) 


Figure  2.  Comparison  of  predicted  (solid  lines)  and  experimental  current 
density  vs.  voltage  {J-V)  characteristics  of  the  hybrid  PM-Hj  cell  in  Fig¬ 
ure  1  (A,  open  squares,  dm  *  200  A)  and  a  mixed  H)  cell  [1 3]  (open  circles. 
dm*330  A)  under  simulated  AM1.5G  solar  illumination.  Refer  to  Table  1 
for  relevant  parameters.  Inset:  comparison  of  the  power  conversion  effi¬ 
ciencies  (ijP)  of  organic  photovoltaic  cells  with  a  planar  H)  (7)  (filled 
squares),  a  mixed  H)  [13]  (open  circles),  and  a  hybrid  PMH)  (Hybrid  A: 
open  squares,  Hybrid  B:  filled  circles),  as  a  function  of  the  incident  optical 
power  density  PQ  (simulated  AM1.5G).  The  lines  are  guides  to  the  eye.  A 
maximum  value  of  rjp  of  (5.0±0.3)  %  under  1  to  4  suns  solar  illumination 
is  achieved  in  the  hybrid  PM-Hj  cell  B,  which  has  the  structure  ITO/CuP- 
c(150  AyCuPcC^lOO  A;l:l)/C6O(350  A)/BCP(100  A)/Ag(1000  A) 


and  a  mixed  HJ  cell1131  (open  circles,  dm  =  330  A)  under  simu¬ 
lated  AM1.5G  solar  illumination,  and  lead  to  fill  factors  ( FF ) 
that  were  in  agreement  with  the  experimental  data  (summa¬ 
rized  in  Table  1).  The  carrier  collection  length  in  the  1:1 
mixed  CuPcQ*,  was  Lco  =  (450±50)  A,  corresponding  to 
rjc c~0-8  at  short-circuit  for  the  hybrid  PM-HJ  cell,  and 
rjcc-0.1  for  the  mixed  HJ  cell. 

The  illumination-intensity  dependence  of  rj?  under  simulat¬ 
ed  AM1.5G  solar  illumination  for  the  hybrid  PM-HJ  cell  is 
shown  in  the  inset  (Hybrid  A,  open  squares),  as  compared 
with  those  of  a  planar  HJ  cell171  (filled  squares)  and  the  mixed 
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Table  1.  Parameters  used  in  fitting  the J-V characteristics  under  illumination  for  the  hybrid  PM- 
Hj  cell  in  Figure  1  and  a  mixed  Hj  cell,  used  from  a  previous  work  [13].  See  text  for  parameter 
definitions. 


Cell 

dm 

n 

j . 

Rs 

Po 

Leo 

Ro 

vb, 

FF 

|A) 

1cm'] 

[Q  cm2] 

[mWcm-2] 

(A] 

|AW’l 

M 

Fitting 

Exp. 

Hybrid  PM-HJ 

200 

1.5 

10 

0.25 

12 

450 

0.21 

0.60 

0.567 

0.573 

Mixed  HJ 

330 

1.6 

20 

0.22 

8.3 

480 

0.20 

0.60 

0.511 

0.512 

HJ  cell1131  (open  circles).  A  maximum  rjP~  (4.5±0.3)  %  at 
7^0  =  0.4  suns  is  achieved  for  Hybrid  A.  Optimizing  the  thick¬ 
nesses  of  the  photoactive  layers  in  the  hybrid  PM-HJ  struc¬ 
ture  lead  to  a  higher  rjP  ((5.0 ±0.3)  %)  under  1  to  4  suns  illu¬ 
mination  in  a  cell  with  the  following  thicknesses:  */o=150  A, 
dm  =  100  A,  and  dA=  350  A  (Hybrid  B,  filled  circles).  Table  2 
summarizes  the  performance  parameters  of  these  cells  under 
approximately  1  sun  illumination. 

The  short-circuit  current  density  for  either  hybrid  PM-HJ 
cell  was  significantly  higher  than  that  of  the  planar  HJ  cell, 
and  furthermore,  was  higher  in  Hybrid  A,  which  had  a  thicker 
mixed  layer.  This  is  attributed  to  the  improved  exciton-diffu- 
sion  efficiency  in  the  mixed  layers  over  that  in  the  planar 
layers.  The  thinner  photoactive  region  in  the  mixed  HJ  cell, 
however,  was  responsible  for  its  lower  short-circuit  current 
density,  7SC,  than  that  of  Hybrid  A.  Using  a  mixed  layer  with 
dm  >  330  A  in  the  mixed  HJ  cell*131  or  dm  >  200  A  in  the  hybrid 
PM-HJ  cell  leads  to  a  reduction  in  /sc  due  to  the  significantly 
reduced  rjcc  (see  Eq.  3).  This  also  explains  the  lower  efficien¬ 
cies  in  similar  CuPciQo  cells*24,251  since  the  excessively  thick 
mixed  layer  (dm>500  A)  leads  to  a  very  low  tjCCy  although 
material  purity  has  also  been  pointed  out  to  be  an  important 
factor.*131 

Both  PM-HJ  cells  have  a  higher  FF  than  the  mixed-layer 
cell,  again  due  to  the  thinner  mixed  layers  used  in  the  former 
structures.  With  dm  =  100  A  «  L Hybrid  B  has  an  FF  as  high 
as  that  of  the  planar  HJ  cell  under  1  sun  illumination  that  is 
only  slightly  reduced  under  higher  illumination  intensities. 
However,  the  FF  for  Hybrid  A  decreased  from  0.57  at 
Po  =  0.12suns  (Table  1)  to  0.50  at  PQ  =  1.2  suns  (Table  2), 
suggesting  that  charge  collection  is  less  efficient  in  a  thicker 
mixed  layer  under  higher  illumination  intensities  due  to  its  in¬ 
herently  higher  series  resistance. 

The  different  dependencies  of  7SC  and  FF  on  dm  not  only 
lead  to  the  higher  rjP  in  Hybrid  B  than  in  Hybrid  A  at  1  sun. 


but  lead  to  the  peaking  of  rjP  at  different  il¬ 
lumination  intensities.  With  7Sc  nearly  pro¬ 
portional  to  Pq,  and  with  Voc  increasing 
logarithmically  with  Po,*7,20*  rjP  reached  a 
maximum  at  Po  =  0A  suns  for  Hybrid  A  as 
the  FF  decreased  with  Pq,  whereas  rjP 
peaked  under  1  to  4  suns  for  Hybrid  B  due 
to  its  high  and  relatively  intensity-indepen¬ 
dent  FF.  The  slight  difference  in  Voc  be¬ 
tween  these  cells  was  attributed  to  their  dif¬ 
ferences  in  n  and  7S,  which  affect  the  logarithmic  dependence 
of  V0c  on  Pq*17,201  Overall,  both  hybrid  PM-HJ  cells  A  and  B 
exhibited  higher  rjP  than  the  other  HJ  architectures.  In  partic¬ 
ular,  rjP  =  (5.010.3)  %  under  1  to  4  suns  is  achieved  in  the 
PM-HJ  cell  Hybrid  B,  which  is  approximately  40%  higher 
than  for  a  single  planar  or  mixed  HJ.  Details  on  the  perfor¬ 
mance  of  these  hybrid  PM-HJ  cells  will  be  published  else¬ 
where. 

We  used  X-ray  diffraction  (XRD)  to  examine  the  morphol¬ 
ogy  of  the  pure  and  mixed  CuPc  and  Qo  films.  As  shown  in 
Figure  3,  the  XRD  pattern  for  the  pure  CuPc  film  exhibited  a 
prominent  peak  at  29  =  (6.85  ±0.05)°,  corresponding  to  an  in- 


20  (degrees) 

Figure  3.  XRD  patterns  for  a  CuPc  film,  a  C60  film,  a  mixed  CuPc:C60 
(1:1)  film,  and  the  glass  substrate  taken  in  the  6-29  geometry  using 
Cu  Ka  radiation.  All  organic  films  were  1000  A  thick. 

terplanar  spacing  of  d=  (12.910.1)  A,  or  the  (100)  Bragg  re¬ 
flection  of  the  a-CuPc  phase,*261  whereas  the  broad  peak  cen¬ 
tered  at  20  =  21°  is  due  to  diffraction  from  the  glass  substrate. 

The  pure  Qo  film  showed  no  apparent  dif¬ 
fraction  peak,  indicating  that  the  film  is 
amorphous.  The  CuPc  (100)  reflection  is 
not  present  in  the  1:1  mixed  CuPc:Qo  film, 
suggesting  that  no  significant  phase  separa¬ 
tion  occurred.  This  is  consistent  with  pre¬ 
vious  optical  absorption  studies  of  mixed 
CuPc:Qq  films,  where  it  was  found  that 
CuPc  molecules  showed  a  reduced  ten¬ 
dency  to  aggregate  with  increasing  Qo  con- 
tent.“3> 


Table  2.  Performance  comparison  of  organic  photovoltaic  cells  incorporating  a  planar  H),  a  mixed 
H),  and  a  hybrid  PM-Hj  as  the  photoactive  region,  under  approximately  1  sun  simulated  AMI  .5G 
illumination.  See  text  for  parameter  definitions. 


Cell 

do 

[A] 

dm 

[A] 

dA 

[A] 

Po 

[suns] 

jsc/Po 

[mAW’l 

FF 

Voc 

(V] 

7p 

[%] 

Reference 

Planar  HJ 

200 

- 

400 

1.3 

1 1 .8  ±  0.5 

0.61 

0.51 

3.7±0.2 

FI 

Mixed  HJ 

- 

330 

100 

0.9 

15.410.7 

0.46 

0.50 

3.510.2 

[13] 

Hybrid  PM-HJ  (A) 

100 

200 

300 

1.2 

17.1  ±0.9 

0.50 

0.51 

4.410.2 

This  work 

Hybrid  PM-HJ  (B) 

150 

100 

350 

1.2 

15.0±0.6 

0.61 

0.54 

5.010.3 

This  work 
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Figure  4a  schematically  shows  an  idealized  bulk  HJ  struc¬ 
ture,  where  donor  and  acceptor  molecules  (or  polymers)  seg¬ 
regate  to  form  an  interdigitated  structure  with  lateral  feature 


Figure  4.  Illustrations  of  different  transport  scenarios  in  a  donor-accep¬ 
tor  mixture,  a)  An  idealized  bulk  HJ  structure  in  which  segregation  of  the 
donor  and  acceptor  molecules  leads  to  an  interdigitated  structure  with 
lateral-feature  sizes  no  larger  than  the  exciton  diffusion  lengths,  b)  No 
percolating  paths  across  the  entire  film  exist,  leading  to  trapping  of  the 
charges  (and  ultimately,  recombination),  c)  Percolating  paths  are  formed 
across  the  film,  although  the  carrier  mobility  in  the  mixture  is  reduced 
compared  to  its  value  in  pure  films.  The  nanostructured,  spatially  distrib¬ 
uted  donor-acceptor  interface  is  responsible  for  efficient  exciton  diffu¬ 
sion  in  the  mixture. 


sizes  no  larger  than  the  exciton  diffusion  lengths.  In  some  ar¬ 
chetypal  D-A  molecular  systems  such  as  CuPc  and  3,4,9,10- 
perylenetetracarboxylic  bis-benzimidazole  (PTCBI),  the  as- 
grown,  homogeneously  mixed  D-A  layer  shows  very  poor 
transport  of  photogenerated  carriers,^15 19^  indicating  a  trans¬ 
port  picture  such  as  that  in  Figure  4b,  where  percolating  paths 
across  the  entire  mixed  layer  do  not  exist.  However,  as  illus¬ 
trated  in  Figure  4c,  the  relatively  long  charge-transport  length 
in  the  CuPcrQo  (1:1)  layer  suggests  that  small,  disordered 
CuPc  and  CW)  domains  may  form,  which  provide  percolating 
paths  for  hole  and  electron  transport,  as  well  as  a  nanostruc¬ 
tured,  spatially  distributed  D-A  interface  for  efficient  exciton 
diffusion  (and  dissociation).  Hence,  these  pathways  result  in 
replicating  the  idealized  structure  in  Figure  4a,  with  each  path 
only  one  or  a  few  molecules  wide,  thereby  meeting  the  condi¬ 
tion  that  exciton  dissociation  occurs  within  LD  of  a  D-A  junc¬ 
tion.  The  difference  between  the  scenarios  in  Figures  4b  and 
4c  is  attributed  to  the  spherical  shapes  of  the  molecules 
that  allow  close  packing,  which  is  hindered  by  the  planar 
CuPc  and  PTCBI  molecules. 

In  conclusion,  we  have  demonstrated  that  a  hybrid  donor- 
acceptor  molecular  HJ  structure,  i.e.,  a  mixed  layer  of  donor 
and  acceptor  materials  sandwiched  between  homogeneous 
donor  and  acceptor  layers,  can  significantly  improve  the  per¬ 
formance  of  organic  photovoltaic  cells  over  those  that  use  a 
planar  D-A  HJ  or  a  mixed  HJ  with  a  thick,  mixed  D-A  layer. 
A  maximum  power  conversion  efficiency  of  rjP  =  (5.010.3)  % 
was  achieved  under  1  to  4  suns  simulated  AM1.5G  solar  illu¬ 
mination  in  a  hybrid  PM-HJ  cell  with  a  100  A  thick,  mixed 
layer.  The  current-voltage  characteristics  of  the  hybrid  PM- 
HJ  cell  were  accurately  described  using  an  analysis  based  on  a 


field-dependent  carrier  collection  length  in  the  D-A  mixture. 
The  mixed  CuPcrQ*)  film  showed  no  significant  phase  separa¬ 
tion  between  the  donor  and  acceptor  molecules,  although  per¬ 
colating  paths  for  efficient  charge  transport  were  inferred  to 
exist  in  the  mixture. 


Experimental 

The  organic  hybrid  PM-HJ  photovoltaic  cells  were  fabricated  on 
glass  substrates  prc-coatcd  [27]  with  a  -1500  A  thick,  transparent, 
conducting  ITO  anode  with  a  sheet  resistance  per  square  of  15  £2.  The 
substrates  were  cleaned  [28]  in  solvent  followed  by  UV-ozone  treat¬ 
ment  for  5  min  [29].  The  organic  layers  and  a  metal  cathode  were  de¬ 
posited  via  thermal  evaporation  in  a  high-vacuum  chamber  with  a 
base  pressure  of  -2  x  10"'  torr  (1  torr=  133.3  Pa).  A  CuPc  layer  with  a 
thickness  of  dD~  50-200  A,  a  co-deposited  layer  of  CuPcrC^o  (1:1  by 
weight)  with  a  thickness  of  dm~ 0-300  A,  and  a  C*o  layer  with  a  thick¬ 
ness  of  dA~  250-400  A,  were  sequentially  deposited  onto  the  ITO  an¬ 
ode,  followed  by  a  100  A  thick  exciton-blocking  layer  [30]  of  BCP.  Fi¬ 
nally,  a  1000  A  thick  Ag  cathode  was  evaporated  through  a  shadow 
mask  with  1  mm  diameter  openings. 

Current-voltage  characteristics  of  the  PV  cells  at  25  °C  in  the  dark 
and  under  simulated  AM1.5G  solar  illumination  from  a  150  W  xenon 
arc  lamp  (Oriel  Instruments)  were  measured  using  an  HP  4155B  semi¬ 
conductor  parameter  analyzer.  The  illumination  intensity  was  varied 
using  neutral  density  filters  and  measured  with  a  calibrated  broad¬ 
band  optical  power  meter  (Oriel  Instruments).  The  XRD  patterns  of 
a  1000  A  thick  1:1  mixed  (by  weight)  CuPc:Qo  film  deposited  on  a 
glass  substrate  as  well  as  those  of  pure  CuPc  and  C*o  films  were  taken 
with  a  Rigaku  diffractometer  in  the  0-20  geometry  using  Cu  K«  radia¬ 
tion. 
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Template  Synthesis  of  Sc@C82(I) 
Nanowires  and  Nanotubes  at  Room 
Temperature** 

By  Cong-Ju  Li ,  Yu-Guo  Guo ,  Bing-Shi  Li , 

Chun-Ru  Wang*  Li-Jun  Wan  *  and  Chun-Li  Bai * 

Endohedral  metallofullerenes  are  constructed  by  enclosing 
one  or  several  metal  atoms  inside  fullerene  cages,  and  their 
electronic  properties  are  determined  by  both  the  caged  metal 
atoms  and  the  parent  fullerenes.  Because  of  their  unique 
structure  and  many  novel  electronic  properties,  metallofuller¬ 
enes  are  expected  to  be  widely  used  in  chemistry,  physics, 
medicine,  materials  science,  and  many  other  fields.*1"3*  Here 
we  report  the  fabrication  of  Sc@C82  metallofullerene  nano- 
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wires  and  nanotubes  by  a  template  method*41  together  with  an 
electrochemical  deposition  strategy.  This  method,  which  has 
been  used  successfully  to  prepare  a  variety  of  metal  nano¬ 
wires,*5,61  metal  nanotubes,*71  metal/metal  composite  nano- 
wires,*8*  and  Qo  nanowires,*9*  was  also  found  to  produce 
metallofullerene  nanostructures  such  as  nanowires  and  nano¬ 
tubes  in  a  controllable  way. 

Sc@C82  has  two  structural  isomers  reported  so  far.*10*  The 
current  study  was  performed  on  Sc@C82(I)  (see  Fig.  la), 
whose  structure  and  electronic  properties  have  been  studied 


1.0  0.2 


a)  b) 

Figure  1.  a)  The  geometrical  structure  of  Sc@C82.  b)  Typical  AFM  image 
of  Sc@C82  clusters  prepared  in  acetonitrile/toluene. 

in  detail  previously.*10,111  The  sample  was  generated  by  arc-dis¬ 
charging  scandium/graphite  composite  rods  in  helium  atmo¬ 
sphere  and  isolated  by  the  recycling  high-performance  liquid 
chromatography  (HPLC)  method.  Around  3  mg  Sc@C82  was 
prepared  and  the  sample’s  high  purity  (99%)  was  confirmed 
by  both  positive  and  negative  time-of-flight  (TOF)  mass  spec¬ 
trometry. 

It  has  been  found  that  fullerenes  and  metallofullerenes  are 
soluble  in  some  organic  solvents,  such  as  benzene,  toluene, 
and  carbon  disulfide,  but  not  in  some  other  solvents,  such  as 
ethanol,  acetone,  and  acetonitrile,  at  room  temperature.*12*  If 
fullerenes  and  metallofullerenes  are  put  in  a  mixture  of  the 
above  two  types  of  solvents,  for  example  toluene/acetonitrile, 
they  usually  form  optically  transparent  nanoclusters,*1314*  and 
these  nanoclusters  are  easily  charged  under  direct  current 
(DC).  Therefore,  with  the  nanoclusters,  one-  or  two-dimen¬ 
sional  (ID  or  2D)  fullerene  nanostructures  may  be  con¬ 
structed  by  an  electrochemical  method.*915*  Figure  lb  shows  a 
typical  atomic  force  microscopy  (AFM)  image  of  metallo¬ 
fullerene  clusters.  The  size  of  the  Sc@C82  clusters  was  distrib¬ 
uted  between  15  and  35  nm,  which  is  somewhat  larger  than 
the  uniform  Qo  clusters*4*  (ca.  13  nm)  formed  in  similar  ex¬ 
perimental  conditions.  Details  on  the  fabrication  of  nanowires 
and  nanotubes  using  templates  can  be  found  in  the  Experi¬ 
mental  section. 

The  morphology  of  Sc@C82  nanostructures  was  character¬ 
ized  by  scanning  electron  microscopy  (SEM)  and  transmission 
electron  microscopy  (TEM).  As  shown  in  Figure  2,  it  was 
found  that  the  morphology  of  Sc@C82  nanostructures  (nano- 
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Organic  solar  cells  with  sensitivity  extending  into  the  near  infrared 
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Wc  describe  an  organic  photovoltaic  cell  based  on  a  tin(ll)  phthalocyanine  (SnPc)/C60  donor/ 
acceptor  heterojunclion  with  sensitivity  at  wavelengths  of  \>900  nm.  Wc  find  that  the  low  hole 
mobility  in  polycrystalline  thin  films  of  SnPc.  /x/f  =  (2±  1)  X  10_,()  cnr/V  s.  prevents  the  use  of  thick 
layers,  leading  to  low  fill  factors  and  therefore  low-power  conversion  efficiencies.  However,  owing 
to  its  large  absorption  coefficient,  a  50-A-thick  layer  of  SnPC  yields  solar  cell  external  quantum 
efficiencies  of  up  to  21%  at  \  =  750  nm.  With  the  double  heterostructure  of  indium-tin  oxide/ 100  A 
copper  phthalocyanine/50  A  SnPc/ 540  A  C^/15  A  bathocuproine/Ag,  we  obtain  a  power 
conversion  efficiency  of  (1.0±0. 1)%  under  1  sun  standard  AM1.5G  solar  illumination  and 
efficiencies  of  (1.3 ±0.1)%  under  intense  (10  suns)  standard  AMI.5G  solar  illumination.  ©  2005 
American  Institute  of  Physics.  [DOI:  10.1063/1.2140075] 


Photodetectors  and  photovoltaic  (PV)  cells  using  small 
molecular  weight  organic  thin  films  deposited  on  plastic  sub¬ 
strates  have  the  potential  advantages  of  being  low-cost  and 
lightweight.1  Recently,  the  power  conversion  efficiency  of 
molecular  organic  PV  cells  has  steadily  improved  due  to  the 
use  of  new  materials  and  device  architectures.2,3  One  limita¬ 
tion  of  organic  PV  energy  conversion,  however,  is  the  limited 
overlap  between  the  active  layer  absorption  with  the  solar 
spectrum.  Indeed,  over  60%  of  the  total  solar  photon  flux  is 
at  wavelengths  \>600  nm  with  approximately  50%  in  the 
red  and  near-infrared  (NIR)  spectrum  at  600<A<  1000  nm. 
Therefore,  new  materials  need  to  be  developed  and  investi¬ 
gated  that  can  absorb  NIR  radiation,  and  efficiently  convert 
absorbed  photons  into  current.  Recently,  a  polymer-based  so¬ 
lar  cell  sensitive  to  NIR  radiation  up  to  \  =  1000  nm  achieved 
a  power  conversion  efficiency  of  0.7%  under  1  sun 
illumination.4  5 

The  photogeneration  process  in  organic  materials  starts 
with  the  absorption  of  a  photon  that  creates  an  exciton,  or 
bound  electron-hole  pair.  In  efficient  organic  photovoltaic 
devices,  the  exciton  is  then  dissociated  at  a  donor-acceptor 
(DA)  interface  into  free  charge  carriers,  which  are  subse¬ 
quently  collected  at  their  respective  electrodes.  Here,  we  in¬ 
vestigate  the  properties  of  a  tin(II)  phthalocyanine  (SnPc) 
layer  used  as  the  electron  donor  in  double  heterostructure 
small  molecular  weight  organic  solar  cells.  We  demonstrate 
that  the  SnPc  layer  efficiently  converts  incident  NIR  (with  an 
onset  at  A  =  1 000  nm)  light  to  photocurrent,  and  that  power 
conversion  efficiencies  of  r/P={  1.0±().  1)%  under  I  sun  stan¬ 
dard  AM1.5G  (air  mass  1.5  global)  solar  illumination  are 
possible.  The  high  efficiency  results  since  the  fill  factor  is 
FF=0.5  for  ultrathin  SnPc  layers,  whereas  previously  dem¬ 
onstrated  devices4  had  FF=0.32.  This  high  FF  is  achieved 
through  control  of  SnPc  layer  thickness  such  that  its  low  hole 
mobility  docs  not  negatively  impact  device  performance. 

All  devices  were  fabricated  on  1500-A-thick  layers  of 
indium-tin  oxide  (ITO)  commercially  precoatcd  onto  glass 


n1Also  with:  Global  Photonic  Energy  Corporation.  375  Phillips  Boulevard. 
Ewing,  New  Jersey  08618:  current  address:  Department  of  Materials  Sci¬ 
ence  and  Engineering.  University  of  Florida,  Gainesville.  Florida  32611. 
b'E!ectronic  mail:  forrest@princeton.edu 


substrates  with  a  sheet  resistance  of  15  (2/sq.  The  solvent 
cleaned6  ITO  surface  was  treated  in  ultraviolet/Oj  for  5  min 
immediately  before  loading  the  substrates  into  a  high- 
vacuum  chamber  (base  pressure  ~3X  10-7  Torr),  where  or¬ 
ganic  layers  and  a  1000-A-thick  Ag  cathode  were  deposited 
via  thermal  evaporation.  Prior  to  deposition,  the  organic  ma¬ 
terials  were  purified  in  three  cycles  using  vacuum  thermal 
gradient  sublimation.7  The  Ag  cathode  was  evaporated 
through  a  shadow  mask  with  1  mm  diameter  openings  lo 
define  the  device  area.  The  current  density  versus  voltage 
(J-V)  characteristics  were  measured  in  the  dark  and  under 
simulated  AM  1 .5G  solar  illumination  (Oriel  Instruments)  us¬ 
ing  an  HP4155B  semiconductor  parameter  analyzer.  Illumi¬ 
nation  intensity  and  quantum  efficiency  measurements  were 
conducted  using  standard  methods  employing  a  National  Re¬ 
newable  Energy  Laboratory  traceable  calibrated  Si  detector. s 
Differences  between  the  simulated  and  actual  (i.e.,  standard) 
solar  spectra  were  corrected  in  our  final  efficiency  determi¬ 
nation.  Absorption  spectra  were  measured  on  quartz  sub¬ 
strates  using  a  Perkin-Elmer  Lambda  800  ultraviolct/visiblc 
spectrometer  referenced  to  clean  quartz  substrates  to  cancel 
out  absorption  losses  in  the  quartz.  The  SnPc  hole  conduc¬ 
tivity  was  measured  for  devices  consisting  of  a  1000-A-thick 
layer  sandwiched  between  ITO  and  Au  contacts. 

In  Fig.  1,  we  show  the  J-V  characteristics  of  a  device 
with  the  structure  ITO/CuPc  (100  A)/SnPc  (50  A)/ 

(540  A)/BCP  (75  A)/ Ag  (here  CuPc  denotes  copper 
phthalocyanine.  and  BCP  is  bathocuproine)  in  the  dark  and 
under  various  illumination  intensities  (Pn)  of  AM  I  5G  stan¬ 
dard  solar  illumination.  The  DA  heterojunction  is  defined  at 
the  SnPc/Cfto  interface  and  BCP  serves  as  an  exciton  block¬ 
ing  layer.9  Fitting  the  dark  current  to  classical  p-n  junction 
diode  theory10  yields  a  series  resistance  of  RS=0.\1  iicnr 
and  an  ideality  factor  of  r?=  1.96±0.05.  A  proposed  energy 
level  scheme  is  shown  in  the  inset  to  Fig.  L  where  the  high¬ 
est  occupied  molecular  orbital  energy  levels  arc  measured  by 
ultraviolet  photoelectron  spectroscopy.  The  lowest  unoccu¬ 
pied  molecular  orbital  energies  are  estimated  using  the  opti¬ 
cal  energy  gap  of  each  material. 

Figure  2  shows  the  various  PV  cell  performance  param¬ 
eters  for  the  same  device  as  a  function  of  P{).  Here.  FF 
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Voltage  (V) 

FIGf^l.  CuiTcnl  density  vs  voltage  characteristics  in  the  dark  and  under 
various  intensities  (Pn)  of  AM1.5G  standard  solar  illumination  with  the 
following  device  structure:  ITO/CuPc  ( 100  A)/SnPc  (50  A)/ 

(540  A)/BCP  (75  A)/Ag  (1000  A).  Inset:  Schematic  energy  diagram 
of  the  device  structure. 


—  0.5  throughout  the  measured  range  of  intensities,  while  the 
open-circuit  voltage  ( Voc)  increases  logarithmically  with  P{), 
having  a  value  of  0.4  V  at  1  sun  (100  mW/cin2)  and  up  to 
0.51  V  at  12  suns  intensity.  The  responsivity  (equal  to 
Jsc/P0,  where  Jsc  is  the  short-circuit  current  density)  re¬ 
mains  relatively  constant  with  P0=  (0.05 ±0.02)  A/W.  As  a 
result  of  these  trends  in  device  parameters,  rji>  increases 
along  with  Vqc  to  (1.0±0. 1)%  under  1  sun  standard  AM  1 .5G 
solar  illumination,  reaching  (l.3±0. 1)%  under  12  suns.  The 
fact  that  both  FF  and  arc  constant  with  P0  from  1  to 

12  suns  indicates  that  carrier  collection  in  the  device  is  effi¬ 
cient,  and  that  carrier  recombination  does  not  increase  sig¬ 
nificantly  with  intensity. 

The  external  quantum  efficiency,  Tfepp,  and  the  absorp¬ 
tion  coefficients,  a,  of  the  active  layers  of  the  device  are 
shown  in  Fig.  3  as  functions  of  wavelength.  The  low-energy 
Q  band  of  SnPc  (dashed  line)  exhibits  considerably  stronger 
absorption  than  that  of  CuPc  (solid  line),  reaching  peak  val¬ 
ues  of  a=3.5X  105  cm-1  at  A  =  740  nm,  as  opposed  to  1.3 


FIG.  2.  (a)  Fill  factor  (FF).  open-circuit  voltage  (V,x),  (b)  responsivity 
[Jsc/P0),  and  power  conversion  efficiency  (77^)  of  devices  with  the  same 
structure  as  Fig.  1  under  various  AM1.5G  standard  solar  illumination  inten¬ 
sities,  P0.  The  solid  lines  serve  as  guides  for  the  eyes. 
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FIG.'  3.  Measured  external  quantum  efficiency  ( %Qt)  spectrum  (filled 
circles)  for  the  device  of  Fig.  I.  The  absorption  coefficients  of  CuPc  (solid 
line),  a  50-A-thick  film  on  SnPc  (dashed  line),  and  Cw  (dotted  line)  are  also 
shown. 


X  105  cm"1  at  A  =  620  nm,  respectively.  Also,  a  for  SnPc  ex¬ 
tends  into  the  N1R,  with  significant  absorption  up  to  A 
=  1000  nm.  The  absorption  coefficient  was  calculated  from  a 
50-A-thick  film  of  SnPc;  the  same  as  that  used  in  the  device. 
Increasing  the  thickness  of  the  film  leads  to  a  change  in 
spectral  shape,  in  that  the  peak  at  A  =  860  nm  increases  with 
respect  to  the  peak  at  740  nm  (data  not  shown),  possibly  a 
result  of  molecular  aggregates  forming  SnPc  dimers.  That  is, 
if  we  assume  that  the  very  thinnest  SnPc  layers  do  not  pro¬ 
vide  uniform  coverage  of  the  surface,  some  regions  will  con¬ 
tain  SnPc  clusters  with  a  high  density  of  dimers,  whereas 
other  regions  will  have  either  monolayer  or  no  coverage 
completely  absent  of  dimers.  In  this  case,  the  long- 
wavelength  aggregate  peak  intensity  will  also  be  reduced. 
Aggregation  has  been  studied  by  absorption  for  solutions  of 
substituted  lead  phthalocyanines.  another  nonplanar  phthalo- 
cyanine,  where  a  similar  redshifted  peak  in  the  Q-band  was 
assigned  to  dimer  aggregate  formation.11  The  77^  of  the  PV 
cell  in  Fig.  1  (filled  circles.  Fig.  3)  follows  the  absorption  of 
the  constituent  materials,  with  the  photocurrent  contribution 
from  C^o  generated  between  350<A<55()  nm.  peaking  at 
77EqE=36%,  while  the  SnPc  layer  contributes  from  600 <  A 
<  10(X)  nm,  peaking  at  21%. 

Optical  modeling  using  transfer  matrices12  suggests  that 
the  SnPc  region  contributes  to  an  internal  quantum  efficiency 
of  —40%.  There  are  additional  small  response  peaks  in  r/pQH 
at  A  =  575  and  620  nm,  corresponding  to  a  contribution  from 
the  underlying  CuPc  layer.  This  latter  response  arises  since 
the  50-A-thick  SnPc  layer  is  discontinuous,  allowing  for  lo¬ 
cal  direct  contact  between  the  CuPc  and  C^  that  form  effi¬ 
cient  charge  separating  regions,  further  supporting  our  as¬ 
sumption  of  nonuniform  layer  coverage  for  the  thinnest 
films.10 

The  central  Sn  atom  lies  1.13  A  out  of  the  molecular 
plane,  causing  SnPc  to  crystallize  in  the  triclinic  phase. n  14 
The  powder  x-ray  diffraction  of  the  purified  source  material 
is  shown  in  Fig.  4(a),  and  the  peaks  are  identified  using  the 
known  molecular  crystal  structure.  A  1 000- A-thick  film  of 
SnPc  deposited  on  ITO  is  shown  in  Fig.  4(a)  to  have  a  single 
peak  at  20=  ( 1 2.60±0.05)°,  corresponding  to  a  lattice  plane 
spacing  of  r/(jon  =  (7.03 ±0.02)  A.  This  indicates  that  the 
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FIG.  4.  (a)  X-ray  diffraction  patterns  for  SnPc  powder  and  a  1000-A-thick 
film  of  SnPc  deposited  on  ITO.  taken  in  the  0-20  geometry  using  Cu  Knr 
radiation,  (b)  Scanning  electron  microscope  (SEM)  and  tapping  mode 
atomic  force  microscope  (AFM)  images  of  a  250-A-lhick  SnPc  film  depos¬ 
ited  on  quartz.  The  scale  bar  in  the  SEM  image  is  200  nm,  and  the  scan  size 
in  the  AFM  image  is  1  gm  X  I  gm.  with  a  height  increment  of  50  nm. 

SnPc  film  is  polycrystalline  with  molecules  preferentially  ly¬ 
ing  flat  on  the  ITO  surface,  in  agreement  with  past 
studies.15  16  Figure  4(b)  shows  the  surface  morphology  of  a 
250-A-thick  SnPc  film  on  quartz.  The  scanning  electron  mi¬ 
crograph  shows  a  rough,  corrugated  surface,  indicative  of  a 
polycrystalline  film,  while  the  atomic  force  micrograph  [Fig. 
4(b),  inset]  yields  a  root  mean  square  roughness  of  47  A. 

The  hole  mobility  in  SnPc  films  was  measured  by  fitting 
the  current  of  a  ITO/SnPc  (1000  A)/Au  device  to  a  field 
dependent  space-charge-limited  mobility  model,  *  assum¬ 
ing  a  relative  dielectric  constant  of  3  for  the  organic.  This 
analysis  yields  a  hole  mobility  of  /ih=(2±\) 
X  lO*10  cm2/V  s,  as  compared  with  CuPc18  which  has  /z;, 
=  (7±J)X  10"4  cm2/V  s.  It  is  possible  that  the  polycrystal¬ 
line  film  of  the  nonplanar  SnPc  molecule  has  less  molecular 
orbital  overlap  as  compared  with  CuPc  due  to  a  larger  inter- 
molecular  spacing.  Indeed,  the  spacing  between  the  planes 
formed  by  the  four  coordinating  N  atoms  in  SnPc  alternates 
within  a  unit  cell  between  3.56  A  and  2.87  A,13  whereas  it  is 
3.34  A  in  the  case  of  CuPc.19  It  is  the  larger  of  the  two 
spacings  in  the  SnPc  lattice  that  determines  the  hole  mobility, 
which  may  explain  the  significant  differences  in  /jlh  observed 


between  these  materials.  The  low  mobility  of  SnPc  results  in 
increased  series  resistance,  and  hence  a  low  FF  in  PV  cells  as 
the  layer  thickness  is  increased.  That  is,  FF=0.5  for  a 
50-A-lhick  SnPc  layer  [c.f.  Fig.  2(a)],  falling  to  0.31  for  a 
2()0-A-thick  SnPc  donor  layer  at  I  sun  intensity.  Depositing 
a  1 00- A-thick  CuPc  wetting  layer  on  the  ITO  surface  prior  to 
the  SnPc  deposition  prevents  the  subsequent  CW)  acceptor 
layer  from  directly  contacting  the  ITO  through  discontinui¬ 
ties  in  the  thin  donor  layer. 

In  summary,  we  have  demonstrated  an  organic  solar  cell 
with  sensitivity  extending  into  the  NIR.  using  SnPc  as  an 
electron  donor  layer.  Cell  external  quantum  efficiency  is  sig¬ 
nificant  for  wavelengths  between  350 <  A  <  1000  nm.  re¬ 
maining  over  10%  in  the  range  of  350<  A  <875  nm.  By  op¬ 
timizing  layer  thicknesses  to  retain  good  charge  transport, 
and  by  placing  the  donor/acceptor  interface  in  the  region  of 
highest  incident  light  intensity,  we  achieve  power  conversion 
efficiencies  of  (J.0±0.1)%  under  1  sun  standard  AM1.5G 
solar  illumination,  and  up  to  (1.3±0.1)%  under  intense  illu¬ 
mination.  These  results  highlight  the  ability  for  the  SnPc/Cw, 
junction  to  find  use  in  tandem  organic  solar  cells3  20  to  extend 
the  responsivity  of  organic  photovoltaic  cells  into  the 
infrared. 
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We  demonstrate  semitransparent,  small  molecular  weight  organic  solar  cells  employing  a  thin 
silver/indium  tin  oxide  compound  cathode  with  a  maximum  transmission  of  (60±6)%  averaged 
over  the  visible  spectral  range  and  with  a  power  conversion  efficiency,  77^=  (0.28  ±0.03)%  under 
simulated,  AM1.5G,  1  sun  illumination.  By  increasing  the  Ag  thickness,  an  average  transmission  of 
(26±3)%  is  achieved  with  rjp= (0.62 ±0.06)%,  a  value  approximately  half  of  that  obtained  for  the 
same  structure  employing  a  conventional,  reflective,  and  thick  Ag  cathode.  A  semitransparent 
tandem  organic  solar  cell  with  rjp =(0.48 ±0.02)%  and  an  average  transmission  of  (44±4)%  is  also 
demonstrated.  Semitransparent  organic  photovoltaic  cells  have  potential  uses  as  tinted  and 
power-generating  thin-film  coatings  on  architectural  surfaces,  such  as  windows  and  walls.  The  use 
of  a  transparent  top  electrode  also  significantly  simplifies  the  design  of  tandem  cells,  relaxing 
requirements  for  the  placement  of  different  absorbing  materials  at  the  maxima  of  optical  fields 
introduced  by  reflective  cathodes.  ©  2006  American  Institute  of  Physics.  [DOI:  1 0. 1 063/ 1 .2209 1 76] 


Small  molecular  weight  bilayer  heterojunction  organic 
photovoltaic  (OPV)  cells  are  recognized  for  their  possible 
uses  in  large-area,  flexible,  and  low-cost  power  generation 
applications.  The  thicknesses  of  the  OPV  active  layers  are 
limited  by  the  relatively  short  exciton  diffusion  lengths  that 
are  on  the  order  of  a  few  tens  of  nanometers.1  This  leads  to 
comparatively  thin  organic  layers  that  can  have  a  high  opti¬ 
cal  transmissivity  over  the  visible  spectral  range.  Here,  we 
demonstrate  both  single  junction  and  tandem  OPV  cells  that 
have  a  maximum  average  transmission  of  up  to  (60±6)% 
over  the  wavelength  range  from  \=450  to  750  nm,  coupled 
with  a  relatively  high  power  conversion  efficiency.  These 
cells  have  the  potential  for  use  as  power-generating  tinted 
thin-film  coatings  on  windows  and  other  architectural  sur¬ 
faces.  For  example,  they  can  be  used  to  replace  current,  pas¬ 
sive  tinted  window  coatings  with  a  large  power-generating 
surface  with  nearly  identical  optical  properties.  Indeed,  semi¬ 
transparent  windows  using  dye-sensitized  Ti02  have  already 
been  demonstrated.2  Previous  work  in  inorganic  photovolta- 
ics  has  achieved  semitransparent  solar  cells  by  introducing 
small  holes  in  crystalline3  4  and  amorphous5  Si  cells,  and  by 
the  use  of  two  transparent  conducting  oxide  electrodes  in 
Cu(InGa)Se2  cells.6  Furthermore,  ultrathin  film  organic  solar 
cells  have  significant  constraints  on  the  placement  of  the 
absorbing  layers  with  respect  to  the  reflective  metal  cathode 
at  the  peak  of  the  incident  optical  field.  The  use  of  transpar¬ 
ent  electrodes  eliminates  this  constraint,  thereby  consider¬ 
ably  simplifying  the  design  of  both  single  heterojunction  and 
multijunction  (tandem)  cells. 

The  cells  employ  the  archetype  donor-acceptor  (D-A) 
bilaycr  system7  comprised  of  copper  phthalocyanine  (CuPc) 
and  3.4,9. 10-perylcnetctracarboxylic  bis-bcnzimidazolc 
(PTCBI).  Purified  organic  source  materials8  were  loaded  into 
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a  high  vacuum  thermal  evaporation  chamber  with  a  base 
pressure  of  5  X  10-7  Torr.  The  materials  were  deposited  at  a 
growth  pressure  of  1  X  10~6  Torr.  at  a  rate  of  2  A/s.  When 
not  under  high  vacuum,  the  sources  were  stored  under  a  ni¬ 
trogen  atmosphere,  with  water  and  oxygen  levels  ^  I  ppm. 
Glass  substrates  coated  with  a  1500  A  thick  indium  tin  oxide 
(ITO)  anode  having  a  sheet  resistance  of  15  li/D  were 
cleaned  as  described  elsewhere,8  followed  by  5  min  expo¬ 
sure  to  an  ultraviolet-ozone  surface  treatment.  The  double 
hetcrojunction  solar  cell  consisted  of  a  200  A  thick  CuPc 
donor  layer,  a  250  A  thick  PTCBI  acceptor,  and  a  100  A 
thick  bathocuproinc  (BCP)  cxciton  blocking  layer,9  while  the 
two-cell  tandem  structure  consisted  of  two,  200  A  thick 
CuPc  by  200  A  thick  PTCBI  layer  pairs  forming  heterojunc¬ 
tions  separated  by  a  sheet  of  —0.5  nm  diameter  Ag 
nanoparticles,  followed  by  a  I (X)  A  thick  BCP  layer.  Layers 
of  Ag,  ranging  in  thickness  from  0  to  100  A,  were  thermally 
deposited  through  a  shadow  mask  with  an  array  of  1  mm 
diameter  holes,  followed  by  a  350  A  thick  layer  of  ITO  sput¬ 
ter  deposited  at  10  W  and  13.56  MHz,  resulting  in  a  deposi¬ 
tion  rate  of  5  A/ min.  A  vacuum  break  and  exposure  to  air 
between  organic  film  and  cathode  deposition  were  necessary 
prior  to  attachment  of  the  shadow  mask,  which  was  done  in 
a  nitrogen  ambient.  Solar  cell  performance  was  characterized 
in  the  dark  and  under  simulated  AM1.5G  solar  illumination 
(uncorrected  for  solar  spectral  mismatch)  using  a  150  W  xe¬ 
non  arc  lamp.11  Transmission  measurements  were  obtained 
using  a  Perkin-Elmer  spectrometer  on  unpatlerned  films 
grown  simultaneously  alongside  of  the  photovoltaic 
structures. 

Figure  1(a)  shows  a  photograph  of  a  mctal-frcc  organic 
thin-film  photovoltaic  cell  with  a  patterned  stripe  of  sputter- 
deposited  ITO  placed  over  a  background  image  to  demon¬ 
strate  their  transparent  appearance.  The  stripe  of  ITO  is  not 
clearly  discernible  because  of  the  similar  transmissivity  with 
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FIG.  1.  (Color)  (a)  Image  of  a  photovoltaic  double  heterojunction  structure 
consisting  of  200  A  copper  phthalocyanine/250  A  3,4,9,10- 
perylenetetiacarbox\lic  bis-benzimidazole/100  A  balhocuproine  on  glass 
substrate  precoated  with  an  indium  tin  oxide  (ITO)  anode  layer.  The  sample 
has  a  350  A  sputter-deposited  vertical  stripe  ITO  cathode,  which  is  not 
discernible  due  to  the  similar  transmissivity  with  and  without  the  ITO  cath¬ 
ode.  (b)  Transmission  spectra  for  photovoltaic  structures  as  in  (a),  with  0  A 
(filled  squares),  25  A  (open  circles),  50  A  (open  triangles),  and  100  A  (open 
upside-down  triangles)  thick  Ag  cathode  layers.  The  curve  shapes  reflect  the 
absorption  spectrum  of  copper  phthalocyaninc.  The  inset  shows  optical 
transmission  averaged  over  wavelengths  of  450-750  nm  vs  thickness  of  the 
Ag  layer.  The  line  represents  a  fit  to  the  data 


f(60±6)%  averaged  over  the  overlap  between  the  thin-film 
absorbance  and  the  solar  spectrum]  and  without  [(59±6)%] 
the  ITO  cathode.  The  transmission  spectra  of  four  semitrans¬ 
parent  PV  cells  on  glass,  with  the  Ag  in  the  compound 
ITO/Ag  cathode  ranging  in  thickness  from  0  to  100  A,  are 
shown  in  Fig.  1(b).  For  the  metal-free  structure,  the  transmis¬ 
sion  T  varies  from  approximately  60%  at  wavelengths  be¬ 
tween  \=450  and  700  nm,  with  a  minimum  at  A =625  nm 
corresponding  to  the  absorption  maximum  of  CuPc.1  At  a  Ag 
thickness  of  25  A.  the  spectrum  takes  a  slightly  different 
shape,  with  enhanced  absorption  occurring  in  the  blue.  We 
attribute  this  effect  to  the  discontinuity  of  thin  Ag  layers, 
leading  to  surfacc-plasmon  enhancement  of  the  optical  field 
in  the  PTCBI  layer.10  The  trend  of  decreasing  T  with  increas¬ 
ing  Ag  layer  thickness  is  shown  in  the  inset  of  Fig.  1(b).  The 
best  fit  to  T=T0e{~xl®  (where  Tu  is  the  average  transmission 
of  the  metal-free  device,  a  is  the  Ag  thickness,  and  S  is  the 
average  optical  skin  depth),  plotted  as  a  solid  line  in  Fig. 
1(b).  gives  <$=(110±20)  A.  This  is  similar  to  previous  cal¬ 
culations  of  S  for  thin  Mg-Ag  layers  used  as  electron- 
injecting  contacts  in  transparent  organic  light-emitting 
devices. 

The  power  conversion  efficiency,  rjr.  and  the  responsiv- 
ity.  J^/Pir  are  plotted  versus  Ag  layer  thickness  in  Fig.  2. 
Here,  J ^  is  the  short  circuit  current  density  and  P(,  is  the 
incident  optical  power  density.  The  dashed  lines  represent 

the  values  obtained  for  conventional  (i.e.,  nontransparent) 
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FIG.  2.  Power  conversion  efficiency.  rjr.  and  responsivity,  under 

simulated  AM1.5G  solar  illumination  vs  cathode  Ag  layer  thickness.  The 
solid  lines  serve  as  guides  to  the  eye.  while  the  dashed  lines  represent  values 
for  conventional  devices. 


devices  and  the  solid  lines  connecting  data  points  arc  a  guide 
for  the  eye.  Conventional  devices  with  the  same  organic 
layer  thicknesses  employing  a  thick  Ag  cathode  were  grown 
alongside  the  semitransparent  devices  as  experimental  con¬ 
trols.  The  conventional  devices  exhibited  7/;=(  1 ,3±0. 1 )%, 
whereas  the  Ag-free  structure  has  r/f)=  (0.28 ±0.03)%.  In¬ 
creasing  the  Ag  layer  thickness  from  25  to  100  A  results  in 
?7p= (0.25  ±0.03)%  to  (0.62 ±0.06)%.  respectively. 

Comparisons  of  the  semitransparent  cell  efficiencies 
with  that  of  the  control  must  account  for  reflections  that 
occur  in  the  latter  cell,  contributing  to  the  photocurrent  via 
optical  interference  effects.1  The  increase  in  power 
conversion  efficiency  with  Ag  thickness  is  primarily  due  to 
the  increasing  responsivitics  of  the  cells  with  increasing 
cathode  reflectivity.  Thus,  the  corresponding  responsivitics 
are  (0.013±0.001)  A/W  (for  a  Ag  thickness  of  .v=0  A). 
(0.011  ±0.001)  A/W  (a  =  25  A),  (0.017±0.002)  A/W 

(a =50  A),  (0.025 ±0.002)  A/W  (a=  100  A),  and 

(0.046±0.003)  A/W  for  the  conventional,  thick  Ag  cathode 
cell.  Simulations  of  the  optical  field  within  the  metal-frcc 
structure  predict  that  Jsc  should  be  only  28%  of  that  obtained 
for  a  conventional  Ag  cathode  cell,  which  is  in  agreement 
with  the  experimentally  determined  ratio  of  0.28 ±0.04. 

The  small  difference  in  the  open  circuit  voltages  of 
Voc= (0.40 ±0.02)  V  for  the  semitransparent  cells,  and 
(0.45 ±0.02)  V  for  the  control,  is  expected  due  to  the  lower 
responsivity  of  the  semitransparent  cells.  The  open  circuit 
voltage  can  be  calculated  using  ViK  {nkTlq)\n(Jsc/J%+  1). 
where  n  is  the  ideality  factor,  q  is  the  electron  charge,  kT  is 
the  thermal  energy  at  temperature  T .  and  Js  is  the  reverse 
saturation  current  density.1  Using  typical  values  for  our  con¬ 
ventional  cells  (n=1.64,  Js=  I0"4  A/cm2),  we  calculate 
^=0.46  V  at  7=300  K,  and  0.40  V  for  the  lowest  respon¬ 
sivity  transparent  cell,  values  in  agreement  with  the  experi¬ 
mental  results.  All  semitransparent  cells  have  a  fill  factor  of 
FF=0.55±0.09,  which  is  somewhat  less  than  for  the  control 
(where  FF=0.62±0.05),  possibly  due  to  resistance  of  the 
compound  cathode,  and  reduced  7SC  and  V^. 

External  quantum  efficiency  (EQE)  data  are  shown  in 
Fig.  3  for  both  conventional  and  semitransparent  cells,  with 
the  latter  having  having  a=0,  25.  50.  and  100  A  Ag(.v)/ITO 
cathodes.  The  curves  all  have  similar  shapes,  with  a  peak 
EQE  near  \  =  625  nm  of  (17±1)%  for  the  conventional  de¬ 
vice.  and  (5±  1 )%.  (4±1)%.  (6±1)%,  and  (10±1)%  for  the 

transparent  cells,  respectively.  These  data  arc  consistent  with 
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FIG.  3.  External  quantum  efficiency  (EQE)  for  a  conventional,  opaque  cell 
(filled  squares),  a  semitransparent  cell  with  a  100  A  thick  Ag/ITO  com¬ 
pound  cathode  (open  upside-down  triangles),  a  semitransparent  cell  with  a 
50  A  thick  Ag/ITO  compound  cathode  (tilled  triangles),  a  semitransparent 
cell  with  a  25  A  thick  Ag/ITO  compound  cathode  (open  circles),  and  a 
semitransparent  cell  with  an  ITO-only  cathode  (filled  diamonds). 

the  expectations  developed  by  analyzing  the  behavior  of  re- 
sponsivity  with  increasing  Ag  thickness. 

One  possible  advantage  of  the  semitransparent  structure 
is  the  possibility  of  stacking  many  cells  to  achieve  even 
higher  efficiency.  We  note  that  optical  interference  effects 
constrain  the  design  of  tandem  cells  when  the  top  metal  cath¬ 
ode  is  highly  reflective.  That  is,  because  there  is  little  reflec¬ 
tion  at  the  cathode  in  the  semitransparent  cells,  optical  inter¬ 
ference  effects  between  the  incident  and  reflected  optical 
fields  are  reduced,  yielding  a  more  uniform  intensity  distri¬ 
bution  throughout  the  active  layer  structure.  This  relaxes  the 
conditions  restricting  the  placement  of  absorbing  layers  at  a 
particular  distance  from  the  reflecting  surface  to  maximize 
cell  responsivity. 

Current-voltage  characteristics  under  AM1.5G,  1  sun 
intensity  simulated  illumination  of  a  single,  metal-free  cell 
and  a  mctal-frcc  tandem  cell  arc  shown  in  Fig.  4.  The  single 
cell  has  T=( 60±6)%.  (0.28 ±0.02)%,  V,K=0.38  V. 

FF=0.54.  and  7NC/P„=0.0I4  A/W,  while  the  tandem  cell  has 
T=(44±4)%,  77/=(0.48±0.02)%,  ^.=0.75  V.  FF=0.49. 


FIG.  4.  Current-voltage  characteristics  for  a  single  metal-free  heterojunction 
cell  (filled  squares),  and  a  two-cell  tandem  stack  (open  diamonds). 


and  Jx/ Po=0.0\3  A/W.  This  represents  an  expected  dou¬ 
bling  in  y,x.  and  a  near  doubling  in  rjp  for  the  tandem  cell 
This  tandem  structure  has  not  been  fully  optimized  and  wc 
anticipate  that  even  higher  efficiencies  can  be  achieved  and  a 
larger  number  of  stacks  implemented  using  this  concept. 

In  conclusion,  wc  have  demonstrated  a  semitransparent 
small  molecular  weight  organic  photovoltaic  cell  with  a  peak 
average  transmission  over  the  visible  spectrum  of  (60±6)%. 
and  a  power  conversion  efficiency  of  rjp= (0.28 ±0.03)%  un¬ 
der  simulated  AM1.5G,  1  sun  illumination.  Our  results  indi¬ 
cate  that  the  exciton  separation  and  charge  extraction  effi¬ 
ciencies  of  transparent  devices  arc  equivalent  to  those 
obtained  for  a  conventional  organic  photovoltaic  cell  em¬ 
ploying  the  same  materials  combinations,  once  the  different 
optical  characteristics  of  the  two  cell  structures  are  taken  into 
consideration.  In  addition,  we  have  demonstrated  a  semi¬ 
transparent  tandem  photovoltaic  cell  with  nearly  double  the 
power  conversion  efficiency  and  open  circuit  voltage  of  a 
similar,  single  element  cell.  These  results  suggest  that  semi¬ 
transparent  organic  photovoltaic  cells  have  application  to 
tinted  power-generating  and  light  attenuating  coatings  for 
windows  and  other  architectural  surfaces.  Furthermore,  the 
elimination  of  the  reflective  cathode  considerably  simplifies 
the  design  of  single  and  multiple  junction  OPV  cells. 
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Organic  photovoltaic  (PV)  cells  have  attracted  attention  due  to 
their  case  of  fabrication  and  potential  for  low-cost  production.1-4 
Since  Tang  reported  the  first  thin-film  organic  PV  cell  based  on  a 
single  donor-acceptor  (D-A)  heterojunction,4  research  has  been 
focused  on  enhancing  the  efficiency  of  these  cells  through  use  of 
new  materials  and  device  structures.  PV  cells  employing  polymer— 
fullcrcnc  hctcrojunctions  have  been  shown  to  have  power  conver¬ 
sion  efficiencies  (rjP)  approaching  5%, 5  obtained  through  variations 
in  the  processing  techniques.  Recently,  Xue  et  al.  reported  efficien¬ 
cies  as  high  as  4%  under  4  suns  simulated  AM1.5G  illumination 
in  a  double-heterostructure  copper  phthalocyanine  (CuPcj/C^)  thin- 
film  cell  with  Ag  as  the  metal  cathode.6  PV  cells  such  as  these  can 
be  further  enhanced  by  stacking  two  cells  in  series,  yielding 
efficiencies  exceeding  5.5%.7 

Efficiency  is  dependent  on  the  open  circuit  voltage  O'").  the 
short-circuit  current  density  (J^),  and  the  fill  factor  (FF)  via3 

’>P=oxyocFF)/p0  (i) 

where  P0  is  the  incident  optical  power.  Here,  FF  depends  on  the 
series  resistance  and  is  typically  between  0.5  and  0.65  for  small- 
molecular-weight  organic  photovoltaics.  J x  is  controlled  by  the 
overlap  between  the  absorption  of  the  organics  and  the  solar 
spectrum,  as  well  as  the  magnitudes  of  the  extinction  coefficients 
and  thicknesses  of  the  absorbing  layers.  However,  enhanced  spectral 
overlap  must  be  accomplished  without  a  significant  loss  in  exciton 
diffusion  length  or  in  the  charge  transport  properties  of  the  materials. 
The  typical  V ^  ss  500  mV  at  1  sun  for  conventional  CuPc  donor- 
based  PV  cells  is  significantly  less  than  the  energy  of  the  absorbed 
photon  (~2  eV).  Clearly,  an  incrca^  in  K*  offers  a  significant 
opportunity  for  substantial  improvement  in  rjP.  However,  it  has 
proven  difficult  to  achieve  large  increases  in  the  FlK  without  an 
accompanying  decrease  in  J ^  or  FF.8 

The  origin  of  VyK  in  organic  solar  cells  is  not  well  understood.910 
It  has  been  suggested  that  this  quantity  depends  on  the  energy 
difference  between  the  lowest  unoccupied  molecular  orbital  (LUMO) 
of  the  acccptor-likc  material  and  the  highest  occupied  molecular 
orbital  (HOMO)  of  the  donor-like  material  at  the  heterointerface 
in  a  bilayer  cell  (referred  to  as  the  interface  gap,  /g,  Figure  1 ,  inset).1 1 
In  this  paper,  we  report  on  a  double-heterostructure  boron  subph- 
thalocyanine  chloride  (SubPc)/Cf*i  thin-film  cell  with  /g  =  1.9  eV. 
compared  to  a  CuPc/C*)  cell  with  /g  =  1.5  eV.  resulting  in  an 
increase  in  of  approximately  the  same  magnitude,  suggesting 
that  VM  is  indeed  a  function  of  /g. 
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Figure  1.  Absorbance  spectra  (on  quartz)  of  stacked  CuPc  (200  A)/Cw» 
(400  A)/BCP  (100  A)  (red)  and  of  SubPc  (130  A)/C«,  (325  A)/BCP  (100 
A)  (blue).  Inset:  Schematic  energy  level  diagram  for  devices  with  (a)  CuPc 
or  (b)  SubPc  as  the  donor  layer.  HOMO  energies  are  from  UPS.  and  the 
LUMO  energies  are  from  IPFS  measurements,  except  for  SubPc.  where 
the  LUMO12  and  HOMO13  energies  arc  determined  from  electrochemistry 

While  CuPc  is  a  planar  compound  with  an  18  ,7-elcctron 
phthalocyanine  macrocycle,  SubPc  is  composed  of  three  N- fused 
diiminoisoindole  rings  centered  around  a  boron  core  This  14 
^r-clectron  aromatic  macrocycle  has  a  nonplanar  cone-shaped 
structure  with  the  tetrahedral  boron  center  out  of  plane  with  the 
aromatic  ligand  and  can  pack  in  different  orientations,  depending 
on  the  deposition  conditions. 14  ,5  With  strong  absorption  in  the 
visible  and  extinction  coefficients  similar  to  CuPc  (Figure  1),  SubPc 
is  a  candidate  as  an  electron  donor  material.  The  first  oxidation 
and  reduction  potentials  are  0.69  and  -1.40  V  vs  a  ferrocene  (Fc/ 
Fc+)  reference.16  CW),  with  oxidation  and  reduction  potentials  of 
1.26  and  -1.06  V  vs  Fc/FcV7  should  therefore  be  suitable  as  the 
acceptor  material  in  a  PV  cell  based  on  SubPc.3 

A  range  of  efficiencies  have  been  reported  for  CuPc/Cwi  device 
architectures.318  21  To  eliminate  performance  variance  due  to 
fabrication  conditions,  control  devices  were  fabricated  simulta¬ 
neously  with  the  SubPc  cells.  Conventional  PV  cell  structures 
fabricated  as  controls  were  ITO/CuPc  (200  A )/Cw,  (400  A)/BCP 
(100  A)  with  a  Ag  (CuPcl)  or  Al  cathode  (CuPc2).  The  SubPc 
cells  consisted  of  ITO/SubPc  (200  A)/CW)  (400  A)/BCP  (100  A) 
and  a  Ag  (SubPc l )  or  Al  (SubPc2)  cathode. 

The  current  density  vs  voltage  (J—l 0  characteristics  were 
measured  in  the  dark  and  under  1—5  suns  AMI.5G  simulated 
illumination,  uncorrcctcd  for  solar  mismatch.  J—V  characteristics 
at  1  sun  are  provided  in  Table  1.  The  Ftx-  of  SubPc  1  and  SubPc2 
is  1 50  mV  higher  than  for  CuPc  cells,  although  both  J>c  and  FF  are 
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Table  1.  Structure  and  Photovoltaic  Data  for  Devices  Illuminated 
under  1  Sun  AM1.5G  Simulated  Solar  Illumination 


cell 

fVCM(A) 

M 

JK(mAcm  2) 

(V) 

FF 

V 

CuPcl 

200-/400 

Ag 

4.13 

0.43 

0.61 

1.2 

C'uPc2 

200-/400 

Al 

3.07 

0.42 

0.58 

0.9 

SubPc 1 

200'V400 

Ag 

2.05 

0.57 

0.33 

0.4 

SubPc2 

200^/400 

Al 

1.83 

0.58 

0.36 

0.4 

SubPc3 

l30A/325 

Ag 

3.61 

0.98 

0.41 

1.7 

SubPc4 

1 30^/325 

Al 

3.36 

0.97 

0.57 

2.1 

I)  =  CuPc  h  I)  =  SubPc.  *  M  is  the  cathode  material. 


Figure  2.  J-  V  characteristics  of  CuPc2  (red)  and  SubPc4  (blue)  under  1 
sun  AM  I  5G  simulated  illumination  (solid)  and  in  the  dark  (dashed). 
Inset:  Intensity  dependence  of  the  SubPc4  device  at  1-5  suns. 


reduced,  resulting  in  a  reduced  power  efficiency.  This  is  likely  due 
to  a  high  series  resistance,  which  suggests  that  thinner  donor  layers 
are  necessary  for  optimal  device  performance.  Since  SubPc  absorbs 
at  shorter  wavelengths  than  CuPc,  an  optimal  cell  structure  requires 
a  corresponding  decrease  in  C«i  thickness  to  ensure  that  the  SubPc/ 
Cf>o  interface  is  located  in  a  region  where  the  short- wavelength  light 
intensity  is  highest.22  Following  this  criterion,  a  device  with  the 
following  structure  was  fabricated:  ITO/SubPc  (130  A)/Q>o  (325 
A)/BCP  (100  A)  with  a  Ag  (SubPc3)  or  Al  (SubPc4)  cathode. 

The  J—  V  characteristics  of  SubPc4  and  CuPc2  are  shown  in 
Figure  2.  In  this  case,  V ^  of  SubPc4  is  more  than  double  that  of 
CuPc2,  accompanied  by  a  nearly  10%  increase  in  JK.  Although 
the  SubPc  absorption  is  blue-shifted  relative  to  that  of  CuPc  with 
a  decreased  absorbance  at  X  =  700  nm  (Figure  1),  this  is 
compensated  by  the  increased  absorbance  at  A  =  590  nm,  which  is 
in  a  higher  intensity  region  of  the  solar  spectrum.  and  FF  of 
SubPc4  arc  nearly  independent  of  light  intensity  between  1  and  5 
suns  (Figure  2.  inset),  while  the  power  conversion  efficiency 
achieves  a  maximum  value  of  //p  =  2.1  ±  0.2%  at  1  sun. 

A  proposed  energy  level  diagram  for  the  CuPc  and  SubPc  devices 
is  shown  in  the  Figure  I  inset.  The  SubPc/CW)  device  has  an  /p  that 
is  400  meV  greater  than  that  for  the  CuPc/CW)  device,  correlating 
to  an  increase  of  of  approximately  the  same  magnitude  (550 
mV).  We  attribute  the  significant  increase  in  V to  the  smaller 
HOMO  energy  of  SubPc  and  the  subsequent  increase  in  /p. 
supporting  the  hypothesis  that  is  dependent  on  /g.  V ^  can  be 
increased  by  series  resistance,  which  may,  in  turn,  depend  on  the 
presence  of  impurities  or  crystalline  disorder  (an  effect  which  will 
be  discussed  elsewhere).  Note  that  the  increase  in  V is  ap¬ 


proximately  20%  higher  than  that  in  /p,  suggesting  that  resistance 
may  be  affecting  V ^  however,  the  high  FF’s  indicate  that  resistance 
alone  cannot  account  for  the  increased  PiK. 

It  has  been  shown  that  varying  the  metal  cathode  has  a  minimal 
effect  on  F,K.4J  1  However,  CuPcl  with  a  Ag  cathode  shows  an 
increased  Jsc  and  FF  relative  to  the  analogous  device  with  A I 
(CuPc2).  It  is  unclear  why  such  an  effect  on  J *  and  FF  is  observed, 
whereas  V&  is  the  same  for  both  devices.  Alternatively  for  SubPc, 
FF  decreases  for  the  Ag  device  (SubPc3)  compared  to  the  A I  device 
(SubPc4). 

In  summary,  SubPc/C^rbased  PV  cells  have  more  than  twice 
the  Kk  as  compared  to  conventional  devices  based  on  CuPc/Cw, 
cells,  resulting  in  a  more  than  doubling  of  the  cell  power  conversion 
efficiency.  By  using  a  strongly  absorbing  donor  material  with  a 
deep  HOMO,  /p  and,  consequently,  V ^  are  increased  without  a 
concomitant  reduction  in  J This  work  supports  the  hypothesis 
that  7p  is  a  dominant  factor  in  determining  in  organic  hetero¬ 
junction  cells. 
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Organic  semiconductor  heterojunction  (HJ)  energy  level  offsets  are  modeled  using  a  combination  of  Marcus 
theory  for  electron  transfer,  and  generalized  Shockley  theory  of  the  dark  current  density  vs  voltage  (J-V) 
characteristics.  This  model  is  used  to  (it  the  J-V  characteristics  of  several  donor-acceptor  combinations  com¬ 
monly  used  in  thin  film  organic  photovoltaic  cells.  In  combination  with  measurements  of  the  energetics  of 
donor-acceptor  junctions,  the  model  predicts  tradeoffs  between  the  junction  open-circuit  voltage  (Vcx:)  and 
short-circuit  current  density  Use)  The  ^oc 's  found  to  increase  with  light  intensity  and  inversely  with  tem¬ 
perature  for  14  donor-acceptor  HJ  materials  pairs.  In  particular,  we  find  that  voc  reaches  a  maximum  at  low 
temperature  (~  175  K)  for  many  of  the  heterojunctions  studied.  The  maximum  value  of  V0 c  is  a  function  of  the 
difference  between  the  donor  ionization  potential  and  acceptor  electron  affinity,  minus  the  binding  energy  of 
the  dissociated,  geminate  electron-hole  pair;  a  general  relationship  that  has  implications  on  the  charge  transfer 
mechanism  at  organic  heterojunctions.  The  fundamental  understanding  provided  by  this  model  leads  us  to  infer 
that  the  maximum  power  conversion  efficiency  of  double  heterostructure  organic  photovoltaic  cells  can  be  as 
high  as  12%.  When  combined  with  mixed  layers  to  increase  pholocurrent  and  stacked  cells  to  increase  V«c- 
efficiencies  approaching  16%;  are  within  reach. 

DOI:  1 0. 1 1 03/PhysRcvB.75. 1 1 5327  PACS  number(s):  73.40.Lq,  72.80. Le,  7 1.35.- y 


I.  INTRODUCTION 

Semiconductor  heterojunctions  (HJ)  are  an  ubiquitous 
feature  of  almost  all  photonic  device  structures,  as  they  are 
useful  in  locally  confining  or  controlling  both  charge  and 
photons.1  One  of  the  most  important  issues  facing  the  study 
of  hctcrojunctions  in  new  materials  systems  is  the  magnitude 
and  the  origin  of  the  hetcrobarricr  between  dissimilar,  con¬ 
tacting  semiconductors.  In  contrast  to  inorganic  heterojunc¬ 
tions,  organic  HJs  generally  do  not  have  a  significant  amount 
of  free  charge  that  redistribute  when  materials  are  brought 
into  contact.2  Furthermore,  their  energetics  are  rarely  influ¬ 
enced  by  the  crystalline  morphology  at  the  interface  since 
most  of  these  van  der  Waals  bonded  materials  do  not  require 
lattice  matching  to  form  ordered  structures.3  Both  of  these 
factors  lead  to  a  considerable  simplification  in  our  ability  to 
quantitatively  determine  the  source  of  the  hetcrobarricr,  and 
to  grow  organic  heterojunctions  to  test  these  theories  over  an 
exceptionally  wide  range  of  materials  properties.  Hence,  they 
present  an  opportunity  to  understand  many  of  the  factors 
governing  the  nature  of  charge  transport  and  energetics  of 
this  most  fundamental  semiconductor  property. 

Among  the  class  of  organic  HJs  that  arc  important  to  in¬ 
vestigate,  donor-acceptor  (DA)  junctions  used  in  organic 
photovoltaic  (PV)  cells  are  key  to  cell  efficiency,  as  they  are 
the  site  for  photogenerated  exciton  dissociation  and  charge 
transfer  into  the  contacting  materials  forming  this  active 
junction.  For  this  reason,  the  PV  cell  represents  an  ideal  ve¬ 
hicle  for  studying  HJ  properties.  Indeed,  organic  PV  cells 
based  on  small-molecular  weight  materials  and  conjugated 


polymers  have  recently  attracted  interest  as  a  potential  ap¬ 
proach  to  realizing  low  cost  solar  energy  conversion.4"^  De¬ 
spite  gains  in  power  conversion  efficiency  (q,>)  to  approxi¬ 
mately  5%  for  both  small-molecule  and  polymer-based 
structures,7,8  further  improvements  are  necessary  to  realize 
practical  devices.  To  fully  optimize  these  PV  cells,  there 
needs  to  be  a  more  complete  understanding  of  the  physics 
governing  their  operation,  and  in  particular,  the  physics  of 
photoinduccd  charge  transfer  at  the  DA  HJ. 

One  issue  of  considerable  focus  in  DA  HJs  has  been  the 
HJ  open-circuit  voltage  (V^),  typically  in  the  range  of 
0.5  V  to  1  V,**  whereas  the  peak  absorption  of  the  solar  spec¬ 
trum  of  the  constituent  organic  materials  is  at  photon  ener¬ 
gies  >2.5  eV.  In  principle,  if  qVoc  (where  q  is  the  electron 
charge)  approaches  the  photon  energy,  organic  solar  cells 
would  be  2  to  5  times  more  efficient  than  currently  obtained. 
The  experimental  effort  to  determine  the  origin  of  the  low 
Voc  has  primarily  consisted  of  understanding  observed  cor¬ 
relations  between  V'oc  and  the  difference  between  the  highest 
occupied  molecular  orbital  (HOMO)  of  the  donor  material 
and  lowest  unoccupied  molecular  orbital  (LUMO)  of  the 
acceptor.17" 14  This  correlation  is  consistent  with  the  fact  that 
Vqq  is  a  property  of  the  DA  energy  levels  and  their  offsets  at 
the  contacting  hctcrointerface  rather  than  due  to  the  work 
function  differences  between  the  metal  electrodes,  as  has 
also  been  proposed.10 

To  understand  the  fundamental  physics  governing  Viyc 
and  its  relationship  with  the  offset  energies  at  DA  HJs.  in  this 
work  we  measure  the  maximum  ^cx:  attainable  in  organic  PV 
cells  based  on  a  variety  of  combinations  of  donor  and  acccp- 
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tor  materials.  To  determine  this  maximum  value,  either  tem¬ 
perature  is  reduced  or  light  intensity  increased  until  voc 
reaches  saturation.  The  maximum  value  of  V(X:  ls  found  to 
be  related  to  the  donor  HOMO  and  acceptor  LUMO  ener¬ 
gies,  as  well  as  the  binding  energy  of  the  dissociated,  gemi¬ 
nate  electron-hole  pair  created  as  a  result  of  electron  transfer. 

To  explore  the  dependence  of  Voc  on  the  energetic  prop¬ 
erties  of  the  contacting  materials,  we  present  a  comprehen¬ 
sive  model  for  organic  DA  HJs  based  on  molecular  materials 
commonly  employed  in  PV  cells.  The  dark  currents  of  vari¬ 
ous  HJs  are  modeled  using  a  generalized  Shockley  equation 
for  p-n  junctions.15  By  adapting  a  model  for  electron  transfer 
based  on  nonadiabatic  Marcus  theory16  to  determine  the  pho- 
tocurrcnt  as  a  function  of  voltage,  we  fit  the  response  of 
different  DA  HJ  PV  cells  as  functions  of  temperature  and 
illumination  intensity  to  extract  the  electron  transfer  rates. 
These  rates  are  shown  to  follow  the  predictions  of  Marcus 
theory  of  electron  transfer,17  including  an  inverted  region  at  a 
large  DA  offset  energy.  Applying  this  theory  reveals  that 
rjp  approaching  12%  is  feasible  for  a  single  DA  HJ.  and 
possibly  up  to  16%  by  incorporating  other  more  complex 
architectures,7 18,19  demonstrating  that  practical  efficiencies 
are  within  reach. 

This  paper  is  organized  as  follows:  In  Sec.  II,  we  describe 
the  principles  of  photocurrent  generation  at  a  DA  HJ.  This 
includes  a  presentation  of  quantitative  models  for  the  photo¬ 
current  and  dark  current,  and  the  maximum,  or  saturated 
value  of  ^oc  based  on  Marcus  theory  as  applied  to  a  hetero¬ 
interface  in  combination  with  Shockley’s  theory  for  p-n 
junctions.  Experimental  details  are  described  in  Sec.  III.  The 
dependence  of  the  dark  current  and  PV  operating  parameters 
on  temperature  and  HJ  composition  are  provided  in  Sec.  IV. 
Section  V  presents  a  discussion  of  the  key  findings  as  well  as 
model  predictions  for  the  maximum  r)r  in  DA  HJ  solar  cells 
consisting >  of  materials  and  structures  analogous  to  those 
studied  here.  We  provide  conclusions  in  Sec.  VI.  A  detailed 
derivation  of  the  current  model  is  given  in  the  Appendix. 


II.  THEORY 

A.  Photocurrent  at  a  donor-acceptor  heterojunction 

A  schematic  energy  diagram  for  an  organic  HJ  based  on  a 
contact  between  a  donor  and  acceptor  material  is  shown  in 
Fig.  1.  The  difference  between  the  ionization  potential  (IP) 
and  electron  affinity  (EA)  is  known  as  the  transport  gap, 
£lran.  The  optical  energy  gap  of  each  material,  £opl,  is  defined 
as  the  position  of  the  low-energy  absorption  edge.  The  exci- 
ton  binding  energy  is  £/y=IP-EA-£opt,  which  typically 
ranges  front  0.2  eV  to  I  eV  for  organic  semiconductors.20  21 

The  external  quantum  efficiency,  77^,  determines  the 
number  of  electrons  collected  per  incident  photon.  For  the 
organic  HJ.  rfcqt  is22 

77hqf.(^'^)=  Va(^)  Ted^ctW^ccW-  0) 

Here.  tja  is  the  absorption  efficiency  of  the  incident  photons 
in  the  photoactive  region  resulting  in  the  formation  of  exci- 
tons.  7f pD  is  the  efficiency  of  photogenerated  excitons  that 
diffuse  to  the  DA  interface,  rjCT  is  the  charge  transfer  effi- 


FIG.  1.  Proposed  energy  level  diagram  of  an  organic  helerojunc- 
tion  between  a  donor  (D)  and  an  acceptor  (A)  layer.  Here  IP  and  EA 
are  the  ionization  potential  and  electron  affinity,  respeclively.  The 
exciton  binding  energy  (EB)  of  each  material  is  equal  to  the  differ¬ 
ence  between  the  transport  gap  (£,)  and  optical  gap  (£opl).  Also.  A 
is  the  interface  energy  gap.  The  process  of  charge  transfer  of  an 
cxciton  from  D—>A  is  also  illustrated. 

ciency  for  excitons  to  dissociate  into  holes  in  the  donor  and 
electrons  in  the  acceptor  layers  at  the  HJ,  and  tjcc  is  the 
charge  collection  efficiency,  equal  to  the  fraction  of  photoge¬ 
nerated  charge  carriers  collected  at  the  electrodes.  The  wave¬ 
length  of  the  incident  light  is  X,  and  V  is  the  applied  voltage. 

To  determine  tja,  the  dielectric  constants,  thicknesses,  and 
optical  field  intensities  within  the  active  layers  are  required. 
The  exciton  diffusion  length,  LD ,  determines  where  Ln 
is  from  5  nm  to  30  nm  for  most  photoactive  molecular  or¬ 
ganic  materials  used  in  PV  cells.22  When  the  energy  level 
offsets  for  the  HOMO  or  LUMO  between  the  donor  and 
acceptor  layers  (A£HOMO  or  A£lUMO,  respeclively)  are 
greater  than  EBf  charge  transfer  at  the  DA  interface  is  ener¬ 
getically  favorable,  as  shown  in  Fig.  I. 

Both  77CT  and  7}cc  are  functions  of  V,  as  implied  by  Eq. 
(1).  To  evaluate  these  efficiencies,  we  adapt  nonadiabatic 
Marcus  theory  to  molecular  organic  HJs,  as  described  by 
Nelson  et  al. 16  A  representation  of  the  model  is  shown  in  Fig. 
2,  where  unshaded  arrows  correspond  to  the  contribution  to 
the  donor  photocurrent  ( JD ).  while  shaded  arrows  represent 
contributions  to  the  acceptor  photocurrcnt  ( JA ).  The  excited 
electron  may  be  transferred  from  the  donor  LUMO.  EcD  to 
the  acceptor  LUMO.  EcA.  Similarly,  the  hole  is  transferred 
from  the  acceptor  HOMO.  EvA  to  the  donor  HOMO.  Evl). 
The  quasi-Fermi  levels,  p  (dotted  lines  in  Fig.  2).  determine 
the  occupation  probabilities  of  the  various  energy  levels  at 
voltage.  V,  (i.e.,/,={l  +exp[(£,—  Pj)lkBT]}~\  where  /  is  the 
occupation  probability,  kB  is  Boltzmann’s  constant,  and  T  is 
the  temperature).  Here,  we  outline  the  steps  used  to  calculate 
JD ,  where  the  calculation  of  JA  follows  an  analogous  proce¬ 
dure. 

The  method  for  calculating  the  current  density  generated 
by  light  absorption,  GvcD .  is  provided  in  the  Appendix  [cf. 
Eq.  (Al)].  Here,  the  first  two  lower-case  subscripts  refer  to  a 
transition  from  the  valence  level,  u,  or  HOMO,  to  the  con¬ 
duction  level.  c\  or  LUMO.  The  third  subscript  corresponds 
to  either  donor.  D.  or  acceptor.  A,  as  in  Fig.  2.  Thus.  is 
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FIG.  2.  Schematic  of  the  various  contributions  to  the  current 
generated  at  a  donor-acceptor  heterojunction.  Unshaded  arrows  cor¬ 
respond  to  the  donor  photocurrent  while  shaded  arrows  represent 
contributions  to  the  acceptor  photocurrent.  Dotted  lines  show  the 
Fermi  energy  levels.  The  subscripts  v,  c.  A .  and  D  refer  to  the 
valance  and  conduction  energy  levels  in  the  acceptor  and  donor 
layers,  respectively.  For  example,  JcvD  is  the  current  from  the  con¬ 
duction  level  of  the  acceptor  flowing  to  the  valance  level  of  the 
donor.  Also,  opt  refers  to  energy  gaps  measured  by  optical  means. 


the  source  current  for  electron  transfer,  from  which  the  effi¬ 
ciencies,  tjqj  and  tjcc%  are  calculated.  The  forward  and  re¬ 
verse  current  densities,  JccD  and  J(.vD ,  respectively,  are  calcu¬ 
lated  using16 

hr  1  -//>  -  exp(-  tyMV/ 1  -/,)]•  (2) 


Here,  i  and  /  represent  initial  and  final  energy  levels  that 
correspond  to  the  first  two  subscripts  of  the  currents  given  in 
Fig.  2.  The  Boltzmann  factor  is  due  to  the  junction  energy 
barrier  to  reverse  current  flow.  The  free  energy  difference 
between  /  and  /  is  Eif=E-Ef,  and  kif  is  the  electron  transfer 
rate,  given  by  nonadiabatic  Marcus  theory17  as 


*./  = 


(Ej/+  \ifY  \ 
4\jjkB7  I 


(3) 


Here,  Vif  is  the  electronic  coupling  matrix  element,  assumed 
to  be  equal  for  a  given  DA  pair,  h  is  Planck's  constant,  and 
is  the  molecular  reorganization  energy.  In  the  case  of 
forward  electron  transfer  ( kccD ),  EB  is  added  to  E,j,  thereby 
reducing  the  electron  transfer  rate  (for  exothermic  transfer, 
£,/<0). 

To  determine  tj^V)  and  t/ccW*  h)  is  calculated  as  a 
function  of  the  difference  in  quasi-Fermi  energies  in  the  D 
and  A  materials.  The  Fermi  level  is  /i0=Eu  +  Elrskn/2  at  equi¬ 
librium.  Then,  JD=JCCD-JrvD  and  GvcD=JccD+JcvD •  whi,e 
r/V=/z„-/^=2(/x,,-/z0),  where  fitl  (/iti)  is  the  quasi-Fermi 
level  of  the  acceptor  (donor)  layer.  A  solution  is  found  using 
a  set  of  parametric  equations  (see  Appendix)  to  calculate  the 
possible  occupation  probabilities  (and  therefore  V).  From  the 
resulting  JD-V  characteristic,  we  calculate  the  collection 
function,  H{V),  for  the  donor  photocurrent  contribution,  viz.. 


Ho(V)=Vct(V)Vcc(V)  = 


k<cD 


kccD  +  k-‘ 


vO 


Jp 


(4) 


where  <l> ,  is  the  optical  absorption  rate  (see  Appendix),  and 
the  total  H(V)=Hn(V)  +  HA(V). 
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FIG.  3.  Equivalent  circuit  for  an  organic  heterojunction  used  to 
understand  the  current  density  versus  voltage  ( J-V )  model.  The  spe¬ 
cific  series  and  parallel  resistances  are  Rs  and  Rp,  respectively,  J{Rp) 
is  the  current  density  due  to  Rp.  and  7diirk  and  ./ph  the  dark  and 
pholocurrent  densities,  respectively. 


B.  Current-voltage  characteristics  of  the  donor-acceptor 
heterojunction 


The  equivalent  circuit  of  an  organic  PV  cell  is  shown  in 
Fig.  3,  and  forms  for  basis  for  our  current  model.  The  pho¬ 
tocurrent  source,  7ph.  opposes  the  dark  current,  7dark.  which  is 
limited  by  the  series  and  parallel  resistances,  Rs  and  Rp.  re¬ 
spectively.  Here,  J(Rp)  is  the  current  flowing  through  R/t.  The 
J-V  characteristics  of  an  organic  PV  cell  can  then  be  ex¬ 
pressed  by  the  generalized  Shockley  equation15 


j=-^— 

/f,  +Rn 


eXP'^_,-, 


-VK> 


(5) 


where  n  is  the  diode  ideality  factor,  and  Js  is  the  reverse 
saturation  current,  viz.,2* 


|6) 

Here,  ER  is  the  HJ  activation  energy  barrier,  equal  to  Ex 
=  \Pd-EAa,  and  750  is  a  temperature  independent  pre factor. 
The  photocurrenl  density  in  Eq.  (5)  is 

JPh(V)  =  J  ^.VEQE(KV)S(K)d\.  (7) 

where  S(\)  is  the  spectral  irradiance  of  the  incident  light,  and 
c  is  the  speed  of  light.  By  inserting  Eqs.  ( I )  and  (4)  into  Eq. 
(7), 


Jph(V)  =  P{]R0H(V).  (8) 

Here,  P0= fS(k)d\  is  the  incident  optical  power  density,  and 
R0= is  the  responsivity  for  rjcj=  Vcc=  • »  cal- 
culaled  using  the  transfer-matrix  approach  to  determine  the 
optical  field  intensity,  and  LD  in  the  D  and  A  layers. 24 

The  dark  current  density,  7dark.  is  also  given  by  Eq.  (5) 
when  7ph=0.  From  the  J-V  characteristics,  the  short-circuit 
current  density.  7SC.  Vqc,  the  fill  factor  [FF 
=  max(7V')/7scV(X:],  and  the  power  conversion  efficiency, 
are  calculated. 


C.  Maximum  open-circuit  voltage 

To  understand  how  Voc  changes  with  P{)  and  T .  we  solve 
Eq.  (5)  at  7=0  for  V^V^. 
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TABLE  I.  Donor  and  acceptor  materials  and  their  corresponding  ionization  potentials  (IP),  electron 
affinities  (EA).  and  optical  energy  gaps  (£t>pl). 


Label* 

Material 

IF*  (eV) 

EA  (eV)J 

top,  <cV) 

Reference 

1 

CuPc 

5.2(7) 

3.2(7) 

1.7 

43 

2 

Pemaccne 

5.1(9) 

3 

1.8(8) 

43 

3 

NPD 

5.5 

1.7 

3.1 

43 

4 

SubPc 

5.6 

2.0 

38 

5 

Ru(acac)3 

4.9 

2.1 

25 

A 

^60 

6.2(4) 

3.6 

1.8 

44 

B 

C70 

6.4(1) 

4.3 

1.7(3) 

44 

C 

PTCBI 

6.2 

3.6 

1.7 

43 

D 

PTCDA 

6.8 

4.6 

2.2 

43 

aNumbers  represent  donor  materials  while  letters  represent  acceptor  materials. 

bCuPc,  copper  phthalocyanine:  NPD.  /V./V'-di-l-naphthyl-/V,yV'-diphenyl-l ,  r-biphenyl-4,4'diamine: 
SubPc.  boron  subphthalocyaninechloride;  Ru(acac)3,  ruthenium  (III)  trisacetylacetonato;  PTCBI,  3,4,9,10- 
perylenetetracarboxylic  bisbenzimidazole.  and  PTCDA.  perylene-3,4,9,10-tetracarboxylic-3.4.9. 10- 
dianhydride. 

cMeasured  with  ultraviolet  photoemission  spectroscopy  with  an  error  of  ±0.1  eV. 
dMcasurcd  with  inverse  photoemission  spectroscopy  with  an  error  of  ±0.5  eV. 


V'oc  = 


nksTlJ^Voc) 
<7  ” '  h 


+  I  - 


ype  \ 
JSR,J 


(9) 


Equations  (8)  and  (9)  show  that  as  Pn  increases.  ^OC 
*In(P0)  assuming  that  n  and  //(Vqc)  are  constant,  and  the 
product  JsR^Voc-  This  ls  true  al  less  than  a  few  suns 
intensity  (1  sun=l00  mW/cm2),  but  for  larger  P0.  Rp^P^ 
(see  Sec.  IV  A)  and  //(Vqc)  decreases.  As  P0  is  increased 
further,  Vqq  saturates  at  a  maximum,  Similarly,  as  T  is 
reduced,  Voc*  r1  owing  to  the  rapid  reduction  of  Js(T)  [see 
Eq.  (6)].  Ultimately,  however,  as  //(Vqc)  decreases  with  7, 
Vqc  again  saturates  at  the  same  V^x  (see  Sec.  IV  B). 

Now,  V%£  is  achieved  when  the  quasi-Fermi  levels  of  the 
donor  and  acceptor  layers  become  pinned  at  high  currents. 
Examining  the  energy  level  diagram  in  Fig.  I,  and  taking 
into  account  exciton  bonding,  the  intrinsic  open  circuit  volt¬ 
age,  which  corresponds  to  can  be  written  as 


<?VSc  =ipd-ea„- 


4  7 TE{)Err  ’ 


(10) 


where  r.0  is  the  vacuum  permittivity,  t:r  is  the  relative  dielec¬ 
tric  constant  of  the  bulk  organic  material,  and  rl)A  is  the 
initial  separation  distance  of  the  optically  generated  hole  and 
electron  pair  in  the  donor  and  acceptor  layers,  respectively, 
immediately  following  charge  transfer.  The  third  term  on  the 
right-hand  side  of  Eq.  (10)  corresponds  to  the  binding  en¬ 
ergy,  Eb .  of  the  bound  electron-hole  geminate  pair  following 
charge  transfer. 


III.  EXPERIMENT 

Organic  HJs  were  grown  on  glass  substrates  precoated 
with  a  1500  A  thick,  transparent  conducting  indium  tin  oxide 
(ITO)  anode  with  a  sheet  resistance  of  15  fl/D.  Prior  to 
organic  deposition,  the  substrates  were  cleaned  in  acetone. 


isopropanol,  and  trichloroethylene  followed  by  exposure  to 
UV  ozone  for  5  min.  The  organic  films  and  a  metal  cathode 
were  deposited  via  high  vacuum  thermal  evaporation  in  a 
chamber  with  a  base  pressure  of  2X  1()“7  Torr.  The  organic 
source  materials  were  purified  by  three  gradient  sublimation 
cycles  prior  to  use.3  In  all  cases,  the  structure  is  ITO/donor/ 
acceptor/exciton  blocking  layer  (EBL)/calhode.  The  various 
donors  and  acceptors  and  their  energy  levels  used  in  this 
work  are  listed  in  Table  1.  The  values  of  IP  were  obtained 
from  ultraviolet  photocmission  spectroscopy,  whereas  EA 
was  taken  from  inverse  photoemission  spectroscopy  mea¬ 
surements  at  the  low  energy  edge  of  ihe  LUMO  signal.  The 
donor  (acceptor)  layers  were  each  at  least  150  (250)  A  thick. 
The  exciton  blocking  layer  (EBL)  was  composed  of  a  100  A 
thick  layer  of  bathocuproine  (BCP).25  A  1000  A  thick  A g,  Al. 
or  Au  cathode  was  evaporated  through  a  shadow  mask  with 
0.8  mm2  circular  openings  defining  the  device  active  area. 

Current- voltage  characteristics  in  the  dark  and  under 
simulated  air  mass  global  (AMI.5G)  solar  illumination  from 
a  1000  W  Xe-arc  lamp  were  measured  using  an  HP  4I55B 
semiconductor  parameter  analyzer.  The  samples  were  placed 
in  an  open  cycle  liquid  He  cryostat.  Temperature  was  mea¬ 
sured  using  a  Si  diode  sensor  placed  on  the  sample  surface. 
The  illumination  intensity  was  varied  using  neutral  density 
filters,  and  measured  with  a  calibrated  Si  detector  coupled  to 
a  broadband  optical  power  meter. 


IV.  RESULTS 

A.  Device  current  in  the  dark  and  under  illumination 

Figure  4(a)  shows  the  dark  J-V  characteristics  in  20  K 
steps  over  the  temperature  range  120K^7'^  300  K  for 
the  structure:  ITO/200  A  copper  phthalocyanine 
(CuPc)/400  A  Cfco/BCP/Al.  The  data  are  shown  by  open 
circles,  while  the  lines  are  fits  to  the  data  using  Eq.  (5).  with 
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1000 /TOC1) 


FIG.  4.  (a)  Dark  current  density  versus  voltage  (ydark-  V)  charac¬ 
teristics  (open  circles)  over  the  temperature  range  120K^T 
*£  300  K  at  20  K  intervals  for  the  heterojunction  structure: 
1TO/CuPc(200  Aj/QoHOO  A)/BCP(  100  A)/A1(I000  A).  The 
solid  lines  arc  fits  to  the  J-V  characteristics  based  on  Eq.  (5)  in  text. 
Inset:  The  specific  scries  resistance,  R%  vs  'r'1  for  the  same  structure 
extracted  from  the  fits,  (b)  The  parameter  n  ln(y5)  (Js  the  reverse 
saturation  current  density)  vs  jP1  for  the  device  of  (a).  The  solid 
line  is  a  linear  fit  to  n  ln(/s),  satisfying  Eq.  (6)  in  text  with  an 
activation  energy  0.68  eV. 


7ph(Vr)  =  0.  The  values  of  n  ln(75)  extracted  from  the  data  in 
Fig.  4(a)  are  shown  in  Fig.  4(b)  versus  1000/7".  Over  this 
temperature  range,  n  decreases  from  n  =  2  at  300  K,  to  1 .6  at 
150  K.  The  dependence  of  the  specific  series  resistance. 
RS(T),  is  plotted  in  the  inset  of  Fig.  4(a). 

The  J-V  characteristics  of  the  device  in  Fig.  4  in  the  dark 
(squares)  and  under  AM1.5G  illumination  of  1.5  suns  inten¬ 
sity  (circles)  are  replotted  on  a  linear  current  scale  in  Fig.  5. 
To  simulate  the  device  under  illumination,  we  use  Eq.  (8)  to 
define  Vph( V),  and  let  Rf)=Rl}(Pl})m  to  represent  the  light- 
inlensity-dependent  specific  parallel  resistance.2^2  The  fits 
are  shown  in  Fig.  5,  with  both  theory  and  experiment  yield¬ 
ing  VOC=(0.5±0.02)  Vand  FF=0.58±0.0I .  The  inset  of  Fig. 
5  shows  Rp  versus  P(),  where  Rp  decreases  from  3 
xioMicm2  at  0. 15  mW/cm2.  to  ft,, =320  12  cm2  at 


FIG.  5.  Linear  current  density  versus  voltage  (J-V)  characteris¬ 
tics  for  the  device  of  Fig.  4  at  300  K  in  the  dark  (open  squares)  and 
under  an  incident  optical  intensity  (P0)  of  150  mW/cm2  (open 
circles).  The  solid  lines  arc  fits  to  the  data  as  described  in  the  text. 
Inset:  The  specific  parallel  resistance  under  illumination.  Rp  versus 
P().  The  solid  line  is  a  linear  best  fit  to  the  data. 

150mW/cnr.  following  /?/;=(45±5  flW)//^  over  more 
than  three  orders  of  magnitude  in  incident  power. 


B.  Temperature  dependence 

Figures  6(a)  and  6(b)  show  VCK-  and  FF.  respectively,  for 
the  device  in  Figs.  4  and  5  as  functions  of  T.  Here,  V 
increases  inversely  with  T  until  approximately  175  K.  at 
which  point  voc  saturates  for  a  given  P{).  The  value  of  Vqc  at 
a  constant  T  also  increases  with  P0,  consistent  with  Eq.  (9). 
The  FF  of  the  device  reaches  a  peak  of  0.65  at  225  K.  and 
decreases  rapidly  at  7'<200  K. 

Figure  7  shows  the  dependence  of  V(yc  on  T  under  illumi¬ 
nation  for  several  DA  pairs  and  cathode  (Ag.  Al.  Au)  com¬ 
binations.  For  the  CuPc/C^  structure  in  Fig.  3.  V ^  saturates 
for  both  Al  (open  circles)  and  Au  (filled  squares)  at  approxi- 


Temperature  (K) 


Temperature  (K) 


FIG.  6.  Temperature  dependencies  of  (a)  the  open-circuit  volt¬ 
age  (V()C)  at  various  incident  optical  light  intensities,  and  (b)  fill 
factor  (FF).  for  the  CuPc/C^o  heterostructure  of  Fig.  4.  The  solid 
lines  are  fits  to  the  data  as  described  in  the  text. 
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FIG.  7.  Opcn-circuit  voltage  (Vqc)  versus  T  for  various  donor- 
acceptor  heterojunctions.  The  metal  in  parentheses  in  the  legend 
indicates  the  cathode  material  for  that  device.  The  error  bars  dis¬ 
played  for  the  NPD/Qo  (Ag)  device  are  typical  for  all  of  the 
heterojunctions. 

mately  175  K,  with  V£*x=(  0.79  ±0.03)  V  for  AL  and 
(0.76±0.02)  V  for  Au.  In  contrast,  V^iT)  for  the 
A/,/V'-di-l-naphthyl-AL/V'-diphenyl-l ,  I  '-biphenyl-4,4'  di¬ 
amine  (NPDj/C^  HJ  is  relatively  temperature  independent. 
This  HJ  reaches  saturation  at  300  K  for  P0>  1  sun.  similar  to 
previously  reported  polymer  blend  junctions. 2K 

Figure  8  shows  V for  14  DA  pairs  plotted  vs  the  inter¬ 
face  offset  energy,  A=IPD-EAop,^  (see  Fig.  1).  Here, 
EAopu/*  is  the  electron  affinity  of  the  acceptor  as  detennined 
from  its  optical  energy  gap.  Open  circles  correspond  to  V ^ 
taken  at  low  T ,  whereas  filled  triangles  represent  at 
300  K  at  high  P{).  The  labels  for  each  point  correspond  to  the 
molecules  listed  in  Table  I.  The  line  corresponds  to  a  linear 
best  fit  through  the  data  with  slopc=(0.92±0.02),  and 
intcrccpt=-(0.02±0.03)  V. 

V.  DISCUSSION 
A.  Heterojunction  current 

The  J-V  characteristic  fit  to  the  generalized  Shockley 
theory  [Eq.  (5)]  suggests  that  the  heterojunction  at  the  DA 


Interface  offset  energy,  A  (ev) 


FIG.  8.  The  maximum  value  of  the  open-circuit  voltage 
for  different  donor-acceptor  photovoltaic  cells  versus  the  interface 
energy  A  as  defined  in  text.  The  closed  triangles  correspond  to 
hetcrojunction  devices  for  which  the  maximum  open  circuit  volt 
age,  V™\  was  measured  at  300  K,  whereas  open  circles  are 
collected  at  T <  300  K.  The  solid  line  shows  a  linear  best  fit  to  the 
data  (slope=0.92  and  intercept  =  -0.02).  The  various  letters  and 
numbers  for  each  point  refer  to  materials  listed  in  Table  I 

interface  is  well  defined  and  planar.  Also.  n-  2  at  300  K 
implies  that  the  DA  junction  dark  current  is  dominated  by 
recombination.  Further  evidence  is  provided  in  Fig.  4(b), 
where  the  fit  of  n  \n(Js)  to  1  IT  corresponding  to  Eq.  (6) 
(solid  line)  indicates  that  this  quantity  is  thermally  activated 
with  energy  E,,/ 2  =  (0.68 ±0.06)  eV.  This  is  consistent  with 
the23  CuPc/Cfco  HJ,  where  £{,  =  IP/)-EA^  =  (  1 ,6±0.6)  eV. 
The  discrepancy  of  —0.2  cV  is  due  to  errors  associated  with 
the  inverse  pholoelectron  spectroscopic  measurement  of  EAa 
(see  Table  I).  Hence,  the  DA  HJ  is  the  dominant  factor  in 
determining  the  dark  J-V  characteristics.  The  value  of  7$.  in 
particular,  affects  V ^  [cf.  Eq.  (9)]  and,  in  turn,  FF,  as  de¬ 
scribed  below.  The  other  extracted  dark  current  fit  parameters 
(listed  in  Table  II)  reveal  that  Rp  is  not  strongly  temperature 
dependent,  while  the  inset  to  Fig.  4(a)  suggests  that  R v 
« exp (-EJkBT),  with  a  small  activation  energy  of  EtX 
=5  mcV,  most  likely  due  to  an  increase  in  the  bulk  hole  and 
electron  mobilities  with  decreasing  T. 


TABLE  II.  Parameters  from  Eq.  (5)  in  text  for  various  donor/acceptor  heterojunction  combinations  at 
300  K  in  the  dark. 


Donor-Acceptor 

interface3 

Js  (A /cm2) 

n 

Rs  (fl  cm2) 

R/}  ( H  cm2) 

Pentaccnc/C70 

3.3  x  10"5 

2.1 

3.4 

3.5  X  I0J 

CuPc/C7(, 

i.ox  io-' 

2.0 

0.7 

7.9  x  I0J 

Pentacene/C^o 

2.7 X  IO'6 

2.0 

0.1 

8.1  X  |0J 

Pentacene/PTCBl 

2.5 x  IO’7 

1.6 

0.7 

5.0  X  10' 

CuPc/Cho 

I.OX  IO’6 

2.0 

0.1 

l.l  x  IO6 

CuPc/PTCBI 

5.5  x  IO'7 

1.7 

0.2 

9.1  x  10' 

NPD/CW 

7.1  X  10" 10 

2.6 

28.4 

2.2  X  106 

SubPc/Cw) 

5.8  x  IO'9 

1.6 

0.9 

1.2  x  10' 

aSee  Table  I  for  chemical  name. 
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TABLE  III.  Parameters  for  Eq.  (3)  in  text  for  various  donor-acceptor  interfaces. 


Donor- Acceptor 
interface* 

Donor  to  Acceptor 

Acceptor  to  Donor 

Kc  (cVJb 

k,.,D  (s'1) 

KcD  (eV)b 

kvvA  (s') 

Kca  <cV)h 

Pentacenc/Qvo 

(8  +  2)  X  10" 

0.9 

(3±  1 )  x  10" 

1.1 

0.8 

CuPc/Ctf, 

(2±0.7)X  10'° 

1.0 

(2±0.9)  x  10" 

0.6 

0.7 

CuPc/PTCBI 

(4±  1)  X  10s 

0.8 

( 1  ±0.8)  x  I09 

0.6 

0.7 

npd/cN) 

( 1  ±0.8)  X  107 

1.3 

(4±  1)  x  I07 

0.4 

0.9 

CuPc/C70 

(2±0.9)X  10" 

0.7 

(3±l)x  10" 

0.7 

0.7 

Pcntacene/C7o 

(4±  1 )  X  I010 

0.9 

(3+2)  x  10" 

0.7 

0.5 

“See  Table  I  for  chemical  name. 

bFit  parameter  with  an  error  of  ±0.1  eV. 


Resistance  also  plays  a  role  in  the  fill  factor,15 

FF(R,.Rp)  FF(0,oc)(  1  -  -  T~T')  •  (ID 

\  voc  JscRp' 

Equation  (11)  indicates  that  FF  is  reduced  below  its  maxi¬ 
mum  in  junctions  with  high  Rs  and  low  Rp.  The  thermally 
activated  Rs  provides  the  dominant  resistive  contribution  to 
the  decrease  in  FF  with  T  (see  Fig.  6),  although  this  is  small 
in  comparison  with  the  FF  dependence  of  VqcOI- 

In  contrast,  there  is  an  inverse  dependence  of  Rp  on  light 
intensity  (Fig.  5,  inset).  This  has  also  been  reported  for 
pentacene/C^  cells2h  as  well  as  for  bulk  HJ  polymer/ 
fullerene  devices.27  20  This  suggests  that  photoconductivity  in 
the  separate  D  and  A  layers  contributes  to  free  electron  and 
hole  generation,  in  addition  to  charge  transfer  at  the  DA  het- 
crointcrface.  Photoconductivity  in  homogeneous  organic 
semiconductors  has  been  widely  observed,  and  is  often  at¬ 
tributed  to  exciton  dissociation  in  the  bulk  of  the  D  and  A 
layers  due  to  their  interaction  with  trapped  charges,  impuri¬ 
ties,  defects,  and  other  material  imperfections. 30 31  For  ex¬ 
ample,  an  exciton  can  undergo  annihilation  on  collision  with 
a  trapped  charge,  resulting  in  free  carrier  emission  to  the 
LUMO.  This  process  is  expected  to  produce  charge  carriers 
with  a  linear  dependence  on  exciton  density,  which  in  turn  is 
linearly  dependent  on  P{).  consistent  with  Fig.  5.  The  photo- 
conductive  quantum  efficiency  can  be  estimated  using 
=  L2Vph/(Rl,Pt]Trecfj.),  where  ^-2  cV  is  the  photon  voltage. 
L=50  nm  is  the  D  or  A  layer  thickness.  rrcc~  5  ns  is  the 
carrier  recombination  time,  and  fi~  10"2  cm2/V  s  is  the 
charge  mobility  within  its  respective  transport  layer.  The  data 
in  Fig.  5  suggest  rfPC^2%  for  the  CuPc/C^  HJ  (compared 
to  —50%  due  to  exciton  dissociation  at  the  HJ  itself).  This 
process,  and  its  reduction  of  Rp  with  increasing  P0  represents 
a  property  that  is  intrinsic  to  organic  HJs,  and  ultimately 
reduces  FF  and  at  high  light  intensities  in  PV  cells. 

B.  Open-circuit  voltage  of  donor-acceptor  heterojunctions 

To  probe  the  origin  of  Vqc.  we  compare  V for  the  set  of 
DA  HJ  materials  combinations  in  Table  III.  This  is  in  con¬ 
trast  with  previous  studies  that  have  sought  to  correlate  ^oc 
with  material  energy  levels,  where  Vqq  was  measured  at  T 
=  300  K,  and  typically  at  P0=  1  sun.‘M4  As  shown  in  Fig.  7, 


Vq?  for  CuPc/Q*)  HJs  with  cither  A1  or  Au  cathodes  (with 
work  functions  of  0mr=4.3  eV  and  5.1  eV.  respectively)  dif¬ 
fer  by  only  0.03  V,  which  is  within  the  experimental  error. 
This  suggests  that  it  is  the  DA  pair  energy  levels  that  deter¬ 
mine  and  not  the  cathode  material  work  function.  '2  We 
note  that  previous  studies  have  often  shown  a  weak 
dependence10  of  V ^  on  possibly  due  to  measuring  ^oc 
below  V 

Charge  transfer  at  a  DA  interface  results  in  a  Coulomb- 
ically  bound  electron-hole  pair.33  An  estimate  of  the  pair 
binding  energy  immediately  following  a  nearest-neighbor 
charge  transfer  reaction  gives  EB  —  0.5  cVt>kHI.  assuming 
er=3  and  r7^=l0A  [cf.  Eq.  (10)].  This  is  approximately 
equal  to  EB  for  many  small-molecular  weight  organic 
semiconductors.20,21  Hence,  in  Fig.  8  we  plot  vs  A 
=  IP^-EAopUI>  where  the  best  fit  line  to  the  data  is  consistent 
with  a  unity  slope  and  an  intercept  at  the  origin.  From  this 
linear  relationship,  we  conclude  that  the  geminate 
polaron-pair33*34  or  exciplex35-36  state  is  rapidly  dissociated 
into  free  charge  carriers,  thereby  contributing  to  the  photo¬ 
current.  To  fully  dissociate,  the  exciplex  must  overcome  the 
Coulombic  attraction  between  the  hole  on  a  donor  molecule 
and  electron  on  a  neighboring,  interfacial  acceptor  molecule. 
Consequently,  the  largest  potential  developed  across  the  HJ. 
VS?,  must  account  for  this  energy  loss  as  expressed  in  Eq. 
(10). 

We  note  that  the  relationship,  A  =  IPi>-£Aop,^.  is  only  ap¬ 
proximate.  According  to  Fig.  I.  the  interface  gap  is  equal  to 
A  =  IPD-IP/^  +  £opl^  +  £^,  while  the  total  energy  that  results 
from  exciton  dissociation  should  be  simply  IP/;-EA^.  How¬ 
ever,  on  relaxation  following  charge  transfer,  the  hole  polar¬ 
ization  results  in  a  loss  of  EBP/2  and  likewise,  the  electron 
loses  EB Al 2  as  it  relaxes  from  the  LUMO.  For  most  of  the 
high  mobility  donors  and  acceptors  considered  here,  the  po¬ 
larization  energies  for  both  holes  and  electrons  in  the  D  and 
A  layers,  respectively,  arc  approximately  equal.  In  this  case, 
the  resulting  energy  of  the  geminate  pair  is  therefore  ap¬ 
proximately  equal  to  A  =  IP^-EA^-E^,  as  expressed  by  Eq. 
(10)  and  in  Fig.  1,  and  as  observed.  Note  that  the  precise 
distribution  of  the  energy  loss  between  electron  and  hole  is 
unimportant,  as  it  is  the  total  energy  loss  that  determines  the 
ultimate  value  of  V£?. 

Note  that  VJJJ?  is  not  attainable  for  all  DA  HJs  under 
standard  operating  conditions  of  7=300  K  and  P0=  1  sun 
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intensity,  due  to  large  values  of  Js.  Nevertheless,  Vq£*  is 
obtained  under  normal  operating  conditions  for  NPD/C60 
and  boron  subphthalocyaninechloridc  (SubPcVC^  HJs.'7*?s 
The  maximum  potential  difference  observed  for  these  two 
HJs  is  Vqc~  1  V,  in  contrast  to,  for  example,  the  CuPc/C^ 
HJ.  where  V^^O.5  V  at  300  K  and  1  sun  versus 
~0.8  V. 


C.  Electron  transfer  rate 

As  Vqc  increases,  the  potential  drop  at  the  HJ  decreases, 
thereby  resulting  in  a  concomitant  decrease  in  7SC.  Hence, 
the  maximum  power  conversion  efficiency,  rjF 
=yscVcx:FF/P0,  is  obtained  for  the  optimal  combination  of 
Voc  and  7SC.  To  estimate  the  effect  of  Voc  on  7SC,  we  must 
first  determine  the  charge  transfer  rate  at  the  HJ  for  a  given 
DA  pair.  We  begin  by  fitting  7p h(V)  characteristics  of  the  DA 
HJ  using  nonadiabatic  Marcus  theory.  This  model  describes 
intermodular  charge  transfer  at  the  DA  interface,  and  the 
probability  for  separation  of  the  geminate  state  immediately 
follbwing  this  process.  Once  fully  separated,  the  electrons 
and  holes  are  collected  at  their  respective  contacts  following 
transport  through  the  homogeneous  A  and  D  layers. 

The  solid  lines  in  Fig.  6  correspond  to  calculations  based 
on  Eqs.  (5)-(9).  The  dark  current  is  described  by  Js,  Rs.  Rr 
and  n  for  each  HJ  pair  (see  Table  II).  To  fit  the  photocurrent 
characteristics,  Js,  /?v,  and  n  determined  in  the  dark  are  kept 
constant  with  P0 ,  and  Rp  and  n  independent  of  T.  Also,  Js 
and  Rs  vary  with  T  as  discussed  above.  Parameters  \ft/> 
\vvA,  \cv  are  then  used  to  fit  the  J-V  characteristics  vs  P0  and 
T.  Here,  Vjf-  and  \rl,  are  assumed  to  be  identical  for  both 
donor-to-acceptor  (D— >A)  and  A— >D  transitions.  The  fitting 
procedure  is  repeated  for  each  P{)  to  obtain  an  average  final 
value  and  error  (shown  in  Fig.  9)  for  the  electron  transfer 
rate,  kET. 

Figure  9  is  a  plot  of  k^j  for  D— >A  and  A  — >D  transfer  for 
several  DA  HJs  in  Table  I  as  a  function  of  A£LUMO  and 
A£HOMO,  respectively.  Here,  kET  increases  with  offset  energy, 
eventually  reaching  a  plateau,  and  then  decreases  once  again 
at  high  energies,  corresponding  to  highly  exothermic  electron 
transfer  reactions.  The  region  of  energy  that  corresponds  to 
increasing  kET  is  the  “normal”  region,  and  decreasing  kE1 
occurs  in  the  Marcus  “inverted”  region.17  This  behavior  has 
previously  been  observed  for  electron  transfer  reactions  in 
fullerenes.™ 

The  D—>A  transition  of  the  CuPc/C^  HJ  yields  k^j 
=  (2.()±0.7)  X  1010  s-1,  comparable  to  ^=8  X  10,()  s”1  re¬ 
ported  for  a  oligo(p-phenyIene  vinylene)  fullerene  dyad.40 
Furthermore,  the  various  rates  for  the  CuPc/C^  DA  interface 
suggest  that  H( 0  VJ^O^;  i.e..  90%  of  excitons  that  reach  a 
DA  interface  contribute  to  photocurrent.  This  is  consistent 
with  the  high  values  of  77pqF  that  have  been  reported  for  the 
CuPc/Cfl)  HJ.41  The  other  HJs  have  H( 0  V)  varying  from  0.6 
to  0.95.  This  is  comparable  to  the  prediction  of  Mihailetchi  et 
al.% 42  where  a  model  based  upon  Onsager’s  theory  of  gemi¬ 
nate  recombination  suggests  H( 0  V)  =  0.6  for  a  polymer- 
fullerene  bulk  heterojunction  device.  Now,  kEJ  decreases 
with  T  [cf.  Eq.  (9)].  resulting  in  a  similar  reduction  in  both 
//(V)  and  ysc.  Indeed,  7SC  exponentially  decreases  with  T . 


AE. _ or  aE _ (eV) 


HOMO 


'  LUMO  ' 


FIG.  9.  The  electron  transfer  rate,  kET,  for  donor-io-acceplor 
transfer  ( D—*A .  filled  triangles)  and  acceptor-to-donor  transfer  (A 
—*D,  open  circles),  versus  the  difference  between  the  lowest  unoc¬ 
cupied  molecular  orbitals  (A£LUMo)  *n  Ihe  case  °*  D  —  A.  and  the 
difference  between  highest  occupied  molecular  orbitals  (A£HOMO) 
in  the  case  of  A— >D.  The  line  serves  as  a  guide  to  the  eye.  The 
vertical  dashed  line  delineates  the  so-called  Marcus  normal  and 
inverted  regions  for  charge  transfer. 


similar  to  the  behavior  for  polymer-fullcrcnc  bulk  HJ 
devices,27  and  consistent  with  the  model. 


D.  Efficiency  limits  to  organic  DA  heterojunction  cells 

These  findings  have  important  consequences  in  the  design 
of  DA  junctions  used  in  organic  PV  cells.  From  the  energy 
diagram  of  Fig.  I,  a  high  Vqq  is  obtained  by  increasing  A. 
since  that  results  in  a  reduced  Js.  To  simulate  an  optimized 
structure  that  maximizes  the  product,  V/oc*7sc.  wc  used  a 
genetic  algorithm  for  a  double  heterostructure  device  with 
the  following  structure:  ITO/D/A/EBL/ Ag.  The  real  part  of 
the  index  of  refraction  is  assumed  to  be  1.9  for  both  the  D 
and  A  layers,  and  1 .7  for  the  EBL — values  close  to  those  of 
materials  used  in  conventional  cells.22  The  imaginary  part  of 
the  index  of  refraction  is  taken  equal  to  I  for  incident  photon 
energies  larger  than  the  optical  gap  of  the  D  and  A  layers, 
while  it  is  0  for  the  EBL.  The  diffusion  length  for  both  D  and 
A  is  Ld- 20  nm.  The  algorithm  then  optimizes  the  thick¬ 
nesses  of  the  organic  layers  using  a  transfer-matrix  approach 
that  includes  optical  interference  effects.24 

We  select  £opm  =  18  eV,  similar  to  that  of  CW),  as  shown 
in  the  inset  of  Fig.  10(a).  For  the  simulations  at  1  sun 
AM1.5G  solar  illumination  and  7  =  300  K.  we  use  Rs,  R/r  n. 
£b,  &ET,  and  \  typical  of  archetype  CuPc/C^,  junctions  given 
in  Tables  I  and  11.  The  results  arc  shown  in  Fig.  10  for  7SC 
[Fig.  10(a)]  with  a  maximum  at  £opt/)=l.4  eV.  This  is  ex¬ 
pected  since  a  smaller  optical  gap  material  can  harvest  a 
larger  percentage  of  the  solar  spectrum  that  extends  well  into 
the  infrared.  However,  as  the  offset  energy  is  increased  to 
>1  eV,  Jsc  drops  rapidly  due  to  a  decreasing  AEj  UM0  and 
A£HOmo  which  inhibit  efficient  exciton  dissociation.  The 
FF  remains  approximately  constant  at  0.7,  since  it  is  prima¬ 
rily  controlled  by  both  series  and  parallel  resistance  [cf. 
Eq.  (II)]. 
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FIG.  10.  Calculated  contour  plots  of  (a)  short-circuit  current 
density  (7sc[mA/cm2]),  (b)  open-circuit  voltage  (Vqq  [V]),  and  (c) 
power  conversion  efficiency  ( rjP  [%])  for  optimized  device  struc¬ 
tures  as  functions  of  the  donor  ( D )  optical  gap  (Eopt  p)  and  offset 
energy,  A  =  IP^-EA^,^  (see  Fig.  1),  where  IP  is  the  ionization 
potential,  EA  is  the  electron  affinity,  A  is  the  acceptor  material,  and 
EA0p,  ^  =  £0pl/4-IP4=  1.8  eV.  The  general  device  structure  is 
ITO/D/A/exciton  blocking  layer/Ag.  The  “X”  in  (c)  shows  the 
location  of  the  maximum  rjF. 

Now.  Vqc  [Fig.  10(b)]  increases  monotonically  with  offset 
energy,  with  an  approximately  0.3  V  difference  between  ^oc 
and  the  offset,  A.  This  difference  arises  from  the  operating 
conditions  of  Pn=  1  sun  and  7  =  300  K  corresponding  to 
^oc  <  and  is  close  to  that  reported  for  polymcr- 
fullcrcnc  bulk  HJs.9  These  device  parameters  result  in  a 
maximum  rjF=1.9%  [corresponding  to  point  “X"  in  Fig. 
10(c)]  for  an  optimized  double  hetcrostructure  device,  with 
£opU>=l.5  eV  and  A  =1.1  eV. 

Using  the  optimized  values  of  £()pt^=  1 .8  eV,  £opt0 
=  1.5  eV.  and  A  =  1 .  J  eV.  we  next  simultaneously  vary  the 
diffusion  lengths.  Llh  in  the  D  and  A  layers.  Figure  1 1  shows 


FIG.  11.  Calculated  power  conversion  efficiency  ( ijF)  as  a  func¬ 
tion  of  donor  (A)  and  acceptor  (A)  exciton  diffusion  length.  L[F  for 
the  device  structure:  ITO/D/A/exciton  blocking  layer  (EBL)/Ag  as 
defined  in  text.  The  solid  line  shows  the  case  of  optimal  D.  A.  and 
EBL  layer  thickness,  while  the  dashed  line  shows  the  case  where  D 
and  A  thickness  equals  LD. 

the  results  of  this  simulation,  where  t]f  increases  monotoni¬ 
cally  until  ££>  —  400  A.  For  L/^400  A.  rjF  decreases  due  to 
a  saturation  of  rjA ,  resulting  in  decreased  absorption  in  the 
acceptor  layer  (dashed  line).  By  choosing  optimized  D  and  A 
thicknesses  (solid  line),  this  decrease  can  be  avoided,  leading 
to  rjF  —  12%  for  LD=  1000  A.  To  further  increase  efficiency, 
a  DA  mixed  layer  can  be  inserted  between  the  D  and  A 
layers19  to  achieve  an  approximately  25%  increase  in  ysc, 
yielding  rjF «  15%.  Also,  by  stacking  two  such  devices  in  a 
tandem  geometry  using  materials  that  span  a  broader  range 
of  the  solar  spectrum  than  the  CuPc/C^  system,  the  efti-  j 

ciency  can  be  increased  to  rjF >  16%. 

VI.  CONCLUSIONS 

We  have  presented  a  comprehensive  device  model  that 
clarifies  the  interrelationships  between  the  energetic  charac¬ 
teristics  of  the  donor  and  acceptor  materials  that  comprise  an 
organic  heterojunction,  and  the  limitations  those  characteris¬ 
tics  impose  when  such  a  junction  is  employed  in  a  photovol¬ 
taic  cell.  The  model  is  based  on  the  generalized  Shockley 
equation  for  p-n  junctions  that  describes  the  dark  current 
characteristics  of  organic  heterostructure  barriers.  The  volt¬ 
age  dependent  photocurrent  is  understood  in  the  context  of 
the  Marcus  theory  of  electron  transfer,  providing  basic  in¬ 
sights  into  the  factors  that  govern  the  magnitude  of  the  en¬ 
ergy  level  offset  between  two  contacting  organic  semicon¬ 
ductor  materials.  The  electron  transfer  rates  arc  shown  to 
follow  the  predictions  of  Marcus  theory,  increasing  with 
HOMO-HOMO  and  LUMO-LUMO  offsets  until  reaching 
the  inverted  region,  after  which  the  rate  decreases.  Also,  the 
HJ  parallel  resistance  is  found  to  be  a  linearly  decreasing 
function  of  illumination  intensity  due  to  photoconductivc 
charge  generation.  This  effect  may  ultimately  limit  device 
efficiency. 

The  maximum  open-circuit  voltage  for  each  donor- 
acceptor  pai[  was  measured,  and  was  found  to  be  a  function 
of  the  difference  between  the  donor  ionization  potential,  ac- 
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ceptor  electron  affinity,  and  the  exciplex  binding  energy. 
Based  upon  the  fundamental  understanding  of  the  factors 
governing  the  offset  energies  at  organic  heterointerfaces  in 
the  absence  of  a  high  density  of  background  charge,  we  find 
that  power  conversion  efficiencies  approaching  12%  are  pos¬ 
sible  for  a  single  HJ  cell,  increasing  to  more  than  16%  by 
incorporating  tandem  solar  cell  structures.  Ultimately,  our 
models  of  charge  transfer  at  organic  hetcrointerfaces  sug¬ 
gests  that  there  exists  an  intrinsic  compromise  between  in¬ 
creasing  ysc  by  tuning  the  HOMO-HOMO  and  LUMO- 
LUMO  offsets  and  optical  gaps,  and  increasing  V'oc  by 
increasing  the  difference  between  the  donor  HOMO  and  ac¬ 
ceptor  LUMO.  This  compromise  forms  the  ultimate  limita¬ 
tion  to  the  power  conversion  efficiency  obtainable  by  an  or¬ 
ganic  DA  HJ  cell  structure. 
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spectral  photon  flux  densities,  respectively.  Thus16 

,  _  Elo< 

'  <rh3  exp(yw  -  I 

and 


<t>a  = 


2tt(  I  -F,)/osc  Zs2p, 

c2h 3  exp(£opl/*fl7)  -  I 


(A3) 


The  oscillator  strength.  /0>c=  1  X  I0'21  eV  in2.  £,=2.16 
X  10“*’  is  the  relative  angular  range  of  the  sun,  and  T, 
=5760  K  is  the  black-body  temperature  of  the  sun. 

Now, 


qV  =  2(IP0  -  EAJ  -  E,mn  l)  -  2k„T  In  x„  -  k„T  In  ,vr. 

(A4) 


where  xa=  \/fa-\y  and 


/„= 


_ kCcD  ~  kcl)DScuD(  1  -f(.)  -  GvtDlq _ 

~  kcuD)fc  ■+■  {kcri)SCi:i)  —  krv[)firvi)){  1  ~~  J  c) 


(A5) 


APPENDIX 


To  determine  the  donor  current  density  vs  voltage  charac¬ 
teristic,  JD  vs  V,  GvcL>  is  found  following  Ref.  16.  That  is 


Gvcd  -  <t>s  +  fin  - 


(Al) 


where  *r=l//c-I,  k ?  is  the  recombination  rate  given  as  kK 
=  /osc(27r£,(2>pl//73c2),  and  </>s  and  <t>u  arc  the  solar  and  ambient 


where  ^=exp[-(Et-£^)/A'tfT].  The  limits  on  xc  arc  found  by 
solving  the  quadratic  equations  that  result  from  setting  the 
probability,  f(r  equal  to  0  and  1.  Then,  from  a  known  set  of 
xc ,  JccD.  and  JcvD ,  then  JD ,  and  V  arc  calculated.  The  same 
procedure  also  is  also  used  to  find  the  acceptor  JA-V.  This 
model  for  charge  transfer  using  nonadiabatic  Marcus  theory 
differs  from  that  described  previously16  in  that  it  is  appli¬ 
cable  to  both  symmetric  and  asymmetric  donor-acceptor 
heterojunctions. 
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Efficient  Solar  Cells  Using  All-Organic  Nanocrystalline 
Networks** 

By  Fan  Yang ,  Kai  Sun ,  and  Stephen  R.  Forrest * 


The  power  conversion  efficiencies  of  organic  photovoltaic 
(PV)  cells  have  steadily  increased  since  the  introduction  of 
the  donor/acceptor  (DA)  heterojunction.*1*  Further  improve¬ 
ments  have  been  reported  in  entangled  or  “bulk-heterojunc- 
tion"  (BHJ)  structures,  where  the  DA  interface  is  within  an 
exciton  diffusion  length  (-10  nm)  of  the  site  for  photon  ab¬ 
sorption.^1  However,  the  high  series  resistance*341  of  these 
amorphous  blends  limits  the  active  layer  thickness,  leading  to 
low  fill  factor  and  reduced  light  absorption,  and  hence  a  low 
solar  energy  conversion  efficiency.*51  One  means  to  circum¬ 
vent  the  low  mobility  of  charge  in  disordered  organic  films 
has  been  the  use  of  inorganic  semiconductor  “quantum 
dots".*61  These  nanocrystals  serve  as  charge  generation  sites 
that,  when  loaded  into  a  polymer  film  at  high  density,  can 
form  a  high  conductivity  percolating  path  to  extract  photo¬ 
generated  charge  from  the  device  active  region.  Unfortunate¬ 
ly.  the  mismatch  in  optical  and  excitonic  properties  between 
the  quantum  dots  and  the  polymer  matrix  has  limited  PV  cell 
efficiencies  of  photovoltaic  cells  based  on  these  materials.  In 
this  work,  we  demonstrate  that  controlled  crystallization  of 
organic  molecules  results  in  a  PV  cell  in  which  the  active  layer 
comprises  a  nanocrystalline  organic  region  that  forms  high 
conductivity  networks  for  charge  extraction.  This  cell  shares 
many  of  the  benefits  of  organic/inorganic  quantum  dot  cells  as 
well  as  all-organic  bulk  heterojunctions  without  many  of  their 
disadvantages.  Structural  analysis  confirms  the  existence  of 
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crystalline  phases  of  the  constituent  donor  molecule,  copper 
phthalocyanine  (CuPc).  and  the  acceptor,  C*,)-  The  new  device 
architecture  results  in  a  three-fold  increase  of  power  conver¬ 
sion  efficiency  over  that  of  an  efficient  planar  HJ  solar  cell 
control. 

To  reduce  cell  series  resistance  in  the  organic  BHJ  it  is  nec¬ 
essary  to  create  morphological  order  that  leads  to  a  low  resis¬ 
tance  to  charge  conduction,  lacking  bottlenecks  or  islands  that 
impede  carrier  extraction.  Indeed,  spatial  ordering  induced  by 
vertical  phase  separation  led  to  increased  charge  collection  in 
organic/inorganic  quantum  dot  hybrid  cells  from  1.7  %*61  for  a 
disordered  cell  to  2.8  %.*7*  For  this  reason,  we  recently  report¬ 
ed  organic  solar  cells  with  an  ordered,  interdigitated  DA  inter¬ 
face  formed  by  crystalline  donor  protrusions  and  a  planarizing 
acceptor  layer,  grown  by  the  process  of  organic  vapor  phase 
deposition  (OVPD).  Control  of  organic  film  crystallization 
and  morphology  resulted  in  a  low  resistance,  ordered,  inter¬ 
digitated  interface  that,  when  employed  in  solar  cell  struc¬ 
tures.  led  to  significantly  improved  efficiency  over  otherwise 
identical  planar  HJs.*8*  Such  an  interface,  however,  does  not 
increase  efficiency  for  the  materials  with  large  exciton  diffu¬ 
sion  lengths,  e.g.,  C*),  where  the  finite  protrusion  size  and 
density  do  not  lead  to  increased  exciton  dissociation.*9*  In  the 
current  work,  we  have  expanded  the  DA  crystalline  interface 
concept  into  an  extended  bulk,  highly  interconnected  and  en¬ 
tangled  interpenetrating  network.  This  concept  employing  a 
thicker  DA  region  significantly  increases  the  HJ  interface 
area  while  maintaining  crystalline  regions  that  effectively  con¬ 
duct  charges  to  the  opposing  electrodes  of  the  cells.  This  ar¬ 
chitecture  opens  up  a  range  of  possibilities  for  attaining  high 
efficiency  organic  PV  cells,  including  the  mixing  of  three  or 
more  organic  constituents  in  a  single  active  region  to  provide 
full  coverage  of  the  solar  spectrum. 

The  nanocrystalline  network  relies  on  the  growth  of  ultra- 
thin.  alternating  layers  of  the  D  and  A  molecules  such  that 
any  given  layer  does  not  fully  cover  the  layer  that  lies  below. 
Incomplete  coverage  results  from  a  combination  of  lack  of 
surface  wetting,  and  control  of  film  morphology  and  crystal¬ 
line  texture  using  OVPD  (see  Experimental). 

The  growth  of  nanocrystalline  DA  networks  was  simulated 
by  including  gas  phase  molecular  transport,  surface  diffusion, 
and  re-evaporation  back  into  gas  phase.*10*  with  results  shown 
in  Figure  la.  Periodic  boundary  conditions  apply  in  both  in¬ 
plane  directions.  Organic  molecules  randomly  originate  far 
from  the  substrate  in  the  gas  phase,  and  diffuse  toward  the 
substrate.  Upon  reaching  a  solid  surface,  the  admolecule  dif¬ 
fuses  on  the  solid  film  surface,  where  the  jumping  rate  be- 
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Figure  1.  Simulation  and  growth  methods  of  [Ceo(3  nm)/CuPc(3  nm))* 
nanocrystalline  donor/acceptor  (DA)  networks,  a)  Simulation  of  the 
growth  progression  of  a  six  period  network.  The  plot  shows,  the  root 
mean  square  (rms)  surface  roughness  (open  triangles)  and  the  interface 
area  relative  to  a  planar  DA  junction  (filled  circles)  as  functions  of  num¬ 
ber  of  bilayers.  The  star  shows  the  final  area  ratio  after  the  6-period  net¬ 
work  is  covered  by  a  continous  Qo  planarizing  layer.  The  three  inset  pic¬ 
tures  show  the  evolution  of  the  film  structure  and  surface  morphology  of 
the  Csq  (magenta)/CuPc  (cyan)  nanocrystals  at  different  growth  stages  in 
the  progression,  as  well  as  the  CuPc  network  formed  after  the  sixth 
C60/CuPc  cycle,  where  3-D  interconnected  networks  can  be  clearly  seen, 
b)  Mass  flow  rates  and  pressure  change  recorded  during  the  organic  va¬ 
por  phase  deposition  of  the  Ceo/CuPc  structure.  Top  inset:  Barrel  valve  in 
the  off  position,  preventing  organics  from  diffusing  out  of  the  barrel.  Bot¬ 
tom  inset:  Carrier  gas  conveying  organic  molecules  out  of  the  barrel 
when  the  valve  is  in  the  on  position. 


tween  two  sites,  i  and  j.  is  determined  by  the  site  energy  E, 
and  E,  as*10* 

K,_,  =  >/(£,.£,)  (1) 

Here  >'  is  the  lattice  vibration  factor  and 

expf if  E,  >  E, 

F\  k„T  )  1  (2) 

I  if  Ej  >  E, 

The  site  energy.  £,,  is  the  sum  of  van  der  Waals  interactions 
between  the  admolecule  and  all  proximal  neighboring  mole¬ 


cules.  The  interaction  energies  between  nearest  neighbors  are 
taken  as  0.867  eV  (CuPc  -  CuPc).1"1  1.5  eV  (CN,  -  Cw,)."2 1,1 
and  0.044  eV  (CuPc  -  CW))JIJ|  respectively.  Since  the  interac- 
tion  between  like  molecules  is  much  larger  than  the  interac¬ 
tion  between  unlike  molecular  pairs,  similar  molecules  tend  to 
aggregate.  The  simulated  growth  of  the  network  begins  on  a 
continuous  layer  of  CuPc  on  a  transparent  conductive  sub¬ 
strate.  e.g.,  indium-tin-oxide  (ITO).  Then  a  thin  layer  of  C«i  is 
deposited  on  top  of  the  underlying,  continuous  CuPc  layer. 
The  aggregates  in  the  Cw>  layer  do  not  provide  a  full  coverage 
of  the  underlayer,  leaving  part  of  the  CuPc  exposed.  A  sec¬ 
ond,  thin  CuPc  layer  is  then  deposited,  partially  covering  the 
C<s()  layer  with  portions  of  the  second  CuPc  layer  directly  con¬ 
tacting  the  first,  continuous  CuPc  layer.  By  continuously  alter¬ 
nating  the  deposition  of  C*o  and  CuPc.  3D  interpenetrating 
nanocrystalline  networks  of  C*o  and  CuPc  are  formed.  The 
growth  simulation  indicates  a  monotonic  increase  of  the  inter¬ 
face  area  as  the  number  of  alternating  DA  bilayers  is  in¬ 
creased.  As  shown  in  Figure  la,  the  final  interface  area  in  a 
nanocrystalline  cell  with  6  Cw/CuPc  pairs  is  1 1  times  that  of  a 
planar  interface.  The  root  mean  square  (rms)  surface  rough¬ 
ness  of  the  nanocrystlline  films  also  increases,  and  reaches  a 
maximum  of  approximately  4  nm.  The  final  step  is  the  growth 
of  a  continuous  C^o  layer  on  top  of  the  network,  planarizing 
the  film  surface  to  prevent  shorts.*8* 

We  used  OVPD  to  grow  the  crystalline  network  PV  cells. 
Large  nitrogen  gas  flow  rates  (150  seem  for  CuPc  and  100  for 
C(A))  and  low  substrate  temperatures  (Tsub  =  4  ±  1  °C)  were 
used  for  the  bottom  and  top  continuous  layers,  resulting  in  a 
flat  surface.  Smaller  nitrogen  flow  rates  (20  seem  for  both 
CuPc  and  Qo)  and  higher  T'sub  (15  ±  I  °C)  were  used  to  pro¬ 
mote  crystallization  during  the  discontinuous  layer  growth.*15* 
The  crystalline  film  texture  of  an  OVPD-grown  multilayer 
(grown  by  the  process  illustrated  in  Figure  lb.  and  described 
in  the  Experimental)  is  confirmed  by  transmission  electron 
microscopy  (TEM).  X-ray  diffraction  (XRD)  and  atomic 
force  microscopy  (AFM).  as  shown  in  Figure  2.  A  cross-sec¬ 
tional  TEM  image  of  [CuPc(6.1  nm)/Cf>o(6.1  nm)]1(,  is  shown 
in  Figure  2a.  (Here,  the  notation  [D(.t  nm)/A(y  nm)]„  refers 
to  the  thicknesses  .r,  v  of  the  D  and  A  layers,  respectively, 
and  n  is  the  number  of  DA  pairs.)  The  CuPc  and  Cw,  phases 
are  similar  to  those  observed  in  a  crystalline  bilayer  film.*16* 
The  CW)  phase  has  clearly  ordered,  close  packed  molecular 
planes,  while  the  monoclinic  CuPc  lattice  appears  less  or¬ 
dered  since  the  image  is  not  taken  along  the  projection  of  a 
single,  crystallographic  plane.*17*  Both  electron  and  X-ray 
diffraction  confirm  the  existence  of  crystalline  domains  of 
CuPc  and  Qo.  Crystalline  domain  sizes  range  from  5  nm  to 
10  nm,  similar  to  those  found  in  homogeneous  films  of 
C(>o  but  smaller  than  ZnPc  crystals  obtained  by  thermal 
evaporation*18,19*.  We  obtained  similar  TEM  images  of 
[CuPc(3.1  nm)/Cf,o(3.1  nm)]l7,  where  the  crystallites  are  simi¬ 
lar  in  shape  but  have  slightly  smaller  sizes,  as  expected. 
High-angle  annular  dark-field  images  confirm  the  presence 
of  CuPc  aggregates,  with  sizes  comparable  to  the  domain 
sizes  observed  in  Figure  2a. 
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the  region  of  the  probe  beam.  In  addition,  the  XRD  patterns 
of  [CuPc(3.5  nm)/C*o(3.5  nm)]*  and  [CuPc(1.9  nm)/ 
C(l()(1.9  nin)]io  shown  in  Figure  2b.  confirm  the  existence  of 
u-CuPc  in  the  two  samples.  No  (?<*)  diffraction  peaks  can  be 
identified  in  the  scanning  range  owing  to  its  large  lattice  con¬ 
stant  ( a  =  14.16  A).*2'1  These  structural  studies  show  that  crys¬ 
talline  phases  are  obtained  by  alternating  the  growth  of  the  D 
and  A  materials  using  OVPD,  as  opposed  to  amorphous 
CuPc:Cw,  mixed  films  grown  by  co-evaporation14*  (bottom 
scan,  Fig.  2b).  where  the  crystalline  phase  separation  is  lim¬ 
ited. *4-<’1,vl'>'22*  As  shown  in  Figure  2c,  the  surface  morphology 
of  the  same  [CuPc(6.1  nm)/Cw)(6.1  nm)Jm  film  observed  by 
AFM  shows  the  crystalline  texture  with  an  rms  roughness  of 
12.7  nm,  reflecting  the  roughing  effect  (c.f.  Fig.  la)  caused  by 
the  crystallite  growth  over  the  ITO  substrate  whose  rms 
roughness  <  3  nm. 

The  absorption  spectra  of  the  nanocrystalline  films  are  fit  to 
the  linear  sum  of  the  neat  CuPc  and  (?*<>  absorption  spectra 
(aCupc  and  aCW).  respectively).  Figure  3a  shows  the  absorption 
coefficient  of  [CuPc(3.1  nm)/Q^(3.1  nm)]J7  grown  on  a  fused 
quartz  substrate,  fit  using  uNC  =  0.48  aC60  +  0.23  aruPc.  Films 
with  different  DA  cycle  thicknesses  are  fit  using  similar  expres- 


Figure  2.  Structural  characterization  of  a  Ceo/CuPc  nanocrystalline  film 
grown  on  an  indium-tin-oxide  (ITO)  substrate,  a)  Cross  sectional  high- 
resolution  TEM  image  of  a  [CuPc(6.1  nmJ/Qofb.l  nm)J10  film,  showing 
nanocrystalline  domains  indicated  by  white  curves  that  approximately 
locate  the  domain  boundaries.  The  scale  bar  corresponds  to  5  nm. 
b)  Bragg-Brentano  x-ray  diffraction  pattern  of  an  OVPD  grown  A. 
[C6o(3.5  nm)/CuPc(3.5  nm)l5  film,  and  B.  a  [CeoO-^nm)/ 
CuPc(l  .9  nm)]10  film.  C.  A  100-nm  thick  C^CuPc  «  1:1  mixed  film 
grown  by  vacuum  thermal  coevaporation.  The  CuPc  (200)  and  ITO  (211), 
(222)  indices  are  indicated.  The  lack  of  a  CuPc  peak  in  C.  indicates  the 
absence  of  crystalline  domains.  Inset:  Plan-view  selective  area  diffraction 
pattern  taken  for  the  film  in  a.  The  diffraction  indicies  of  u-CuPc  and  Cw 
are  marked.  Well  defined  diffraction  spots  indicating  a  high  degree  of 
crystalline  order,  c)  Atomic  force  micrscopic  surface  morphology  of  the 
same  film  in  a,  showing  an  rms  roughness  of  12.7  nm  in  the 
100  x  100  nm2  area. 

A  selected-area  electron  diffraction  (SAED)  image  of  the 
same  [CuPc(6.1  nm)/Cft)(6.1  nm)]|0  film  in  plan-view  (Fig.  2b. 
inset)  shows  diffraction  spots  corresponding  to  ordered  do¬ 
mains  of  (i-CuPc,2<)|  and  face-centered  cubic  (fee)  Qo.*21*  The 
crystallites  have  a  similar  size  and  distribution  as  those  seen  in 
cross-sectional  view.  The  well  defined  diffraction  spots  indi¬ 
cate  a  high  degree  of  crystalline  order  and  orientation  within 
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Figure  3.  Absorption  coefficients  (a)  of  CuPc  and  C^  films  on  fused 
silica  substrates,  a)  Absorption  of  a  nanocrystalline  [Ceop.l  nm)/ 
CuPc(3.1  nm)J17  film,  and  a  fit  by  «NC  -  0.48  «C60  +  0  23  «CuPc  The 
absorption  of  the  pure  films  are  shown  in  the  lower  part  of  the  figure, 
b)  Normalized  absorption  spectra  in  the  low-energy  Q-band  of  CuPc 
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sions.  Pure  CuPc  films  have  two  peaks  centered  at  wavelengths 
of  /.  =  620  and  695  nm.  corresponding  to  dimer  and  monomer 
absorption,  respectively.*20*  For  amorphous  CuPc:  mixtures, 

the  absorption  at  /.  =  695  nm  is  enhanced  due  to  an  increased 
inlermolecular  distance.*4  22  23*  By  comparison,  the  nanocrystal- 
line  layer  peak  at  /.  =  695  nm  is  less  pronounced  than  in  the 
mixed  film,  implying  the  presence  of  a  high  density  of  CuPc 
crystallites  (Fig.  3b).*22*  The  asymmetry  in  the  CuPc  and  Qo 
absorption  obtained  in  our  fits  may  be  an  effect  of  differing 
crystal  sizes  for  these  two  molecular  constituents. 

We  note  that  these  crystalline  structures  are  in  a  stable, 
rather  than  metastable,  structures,  as  observed  in  annealed 
mixtures  of  CuPc  and  3,4.9.10-perylenetetracarboxylic  bis- 
benzimidazole  (PTCBl).*24*  Furthermore,  compared  to  phase- 
separated  polymer  cells  prepared  by  annealing  at  1 10— 
150"C,*315*  the  small  molecular  weight  films  in  our  PV  cells 
have  high  glass  transition  temperatures  (>  40()  °C).  Further 
phase  separation  of  these  cells  is,  therefore,  not  expected  to 
occur  under  normal  operating  conditions  and  required  opera¬ 
tional  lifetimes  (10-20  years)  of  such  devices. 

A  series  of  CuPc(14.5  ±  0.2  nm)/[Qio(3.2  ±  0.2  nm)/ 
CuPc(3.2  ±  0.2  nm)]n/Cfto(40.0  ±  0.5  nm)/BCP(10  nm)/Ag 
(BCP  =  bathocuproine)  double  heterojunction  PV  cells*25* 
were  fabricated,  where  n  ranged  from  0  to  12.  Here,  BCP  was 
used  as  an  exciton  blocking  layer.  The  nominal  thicknesses  of 
the  C<so(3.2  nm)/CuPc(3.2  nm)  multilayers  were  varied  be¬ 
tween  6.4  and  76.8  nm,  keeping  Qo  :CuPc  =  1  for  all  samples. 
Hence,  for  n  =  12,  the  total  organic  active  film  thickness  was  t 
=  141  nm.  which  exceeds  t  =  1(H)  nm,  typical  of  that  of  a  con¬ 
ventional.  bilayer  small  molecular  weight  cell.  This  in  turn 
increases  the  optical  absorption  because  of  its  exponential 
dependence  on  thickness  (i.e..  cell  responsivity  follows 
(l-exp[-u/])).  where  u  is  the  absorption  coefficient  of  the  or¬ 
ganic  material.  Furthermore,  the  top  C*o  layer  is  thicker  than 
used  in  the  optimized  bilayer  device,*25  2h*  as  necessary  to  pla¬ 
narize  the  rough  film  surface*8*  (c.f.  Fig.  2c). 

The  dark  current  density-voltage  ( J-V)  characteristics  of  all 
cells  have  rectification  ratios  >  1()4  at  ±  1  V.  as  shown  in  Fig¬ 
ure  4a.  Fitting  the  forward  J-V  curves  using  the  ideal  diode 
equation*828*  yields  the  specific  series  resistance.  R$ a*  as  a 
function  of  the  number  of  alternating  DA  pairs  (and  hence  to¬ 
tal  active  layer  thickness)  in  Figure  4b.  The  bilayer  ( n  =  0) 
cell  has  Rs a  =  0.5  Q  cm2.  gradually  increasing  to  3.0  Q  cm2 
for  n  —  12.  That  /?SA  increases  by  a  factor  of  ~6  for  a  cell  only 
twice  as  thick  indicates  that  the  nanocrystalline  region  is  not 
completely  free  of  bottlenecks  to  charge  conduction.  How¬ 
ever.  multilayers  with  fewer  periods  show  only  a  2  to  3  times 
increase  in  /?s a-  suggesting  that  disorder  increases  signifi¬ 
cantly  only  for  the  deepest  stacks. 

The  photoresponse  of  the  same  cells  as  in  Figure  4  mea¬ 
sured  under  simulated  100  ±  4  mW  cm"2  AM  1.5G  solar  irra¬ 
diation  are  shown  in  Figure  5a.  The  short  circuit  current  (/sc)' 
open  circuit  voltage  (V0c).  and  fill  factor  ( FF)  are  plotted  in 
Figure  5b.  With  n  increasing  from  2  to  6.  J$c  significantly  in¬ 
creases  by  nearly  a  factor  of  3.  from  5.6  ±  0.1  mA  cm"2  in  the 
bilayer  cell  to  17.0  ±  0.2  mA  cm'2,  and  then  drops  as  n  is  in- 


Figure  4.  The  performance  of  CuPc(14.5  ±  0.2  nm)/[C6o(3.2  ±  0.2  nm)/ 
CuPc(3.2  ±  0.2  nmJJ^CfeolSO.O  ±  0.5  nm)/BCP  (10  nm)/Ag  solar  cells, 
with  n  varying  from  0  to  12,  and  the  total  thickness  of  the  active  layers 
varying  from  54.5  to  141  nm..  a.  Dark  current  density-applied  voltage 
{J-V)  characteristics  b.  Specific  resistance  (Psa)  as  a  function  of  n  and 
Ceo/CuPc  nanocrystalline  layer  thickness,  calculated  by  fitting  the  dark 
J-V  characteristics  using  the  ideal  diode  equation 


creased  further,  owing  to  the  high  series  resistance  of  the 
thickest  cells  with  large  and  entangled  crystalline  networks.  In 
the  same  figure,  Voc  increases  from  0.44  ±  0.01  V  in  the  bi¬ 
layer  cell  (n  =  0).  and  gradually  increasing  to  0.50  ±  0.01  V  at 
n  =  12.  Finally.  FF  decreases  slightly  from  0.57  ±  0.01  at 
n  =  0  to  0.56  at  n  =  6,  and  drops  to  0.44  ±  0.01  at  n  =  12. 
once  more  reflecting  the  increase  of  resistance  in  the  deepest 
stacks,  as  shown  in  Figure  4b. 

The  external  quantum  efficiency  (EQE)  as  a  function  of 
wavelength*27*  is  shown  in  Figure  5c.  The  EQE  peak,  centered 
between  /.  =  430  and  470  nm.  results  from  Cw,  absorption.*28* 
whereas  the  peaks  at  /.  =  620  and  695  nm  are  due  to  CuPc  ab¬ 
sorption*4*  (c.f.  Fig.  3a).  As  the  number  of  C^o/CuPc  pairs  in¬ 
creases  from  n  =  0  to  n  =  6.  the  EQE  increases  rapidly,  i.e., 
the  /.  =  620  nm  peak  increases  from  25%  to  76%.  and  the 
peak  at  /.  =  450  nm  increases  from  22  %  to  64  %,  both  show¬ 
ing  a  3-fold  increase  with  n.  In  fact,  in  a  previously  reported 
photodetector  composed  of  continuous  ultrathin  (>  0.5  nm) 
CuPc/PTCBI  multilayer  stacks  grown  in  vacuum,  an  EQE  of 
up  to  75  %  was  achieved  at  a  reverse  bias  of  -10  V.*2v*  In  con¬ 
trast  to  that  device,  the  nanocrystalline  solar  cell  with  its  en- 
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Figure  5.  Parameters  affecting  room-temperature  power-conversion  efficiency  of  the  solar  cells  in 
Figure  4  a)  J-V  characteristics  at  simulated  AM  1.5  global  105  ±  5  mW  cm  2  solar  illumination, 
b)  Short  circuit  current  density  L/sc),  open  circuit  voltage  (Vqc)  and  fill  factor  ( FF)  as  functions  of 
the  number  of  Ceo/CuPc  growth  cycles,  n.  c)  External  quantum  efficiency  (//eqe)  spectra  of  devices 
with  different  n.  d)  Power  conversion  efficiency  (//P)  as  a  function  of  n  and  Qo/CuPc  nanocrystalline 
layer  thickness. 


tangled  heterointerface  shows  the  same  large  EQE  at  zero 
bias,  implying  success  in  achieving  continous  conductive  path¬ 
ways.  The  EQE  decreases  at  larger  n  owing  to  a  lower  carrier 
collection  efficiency  resulting  from  increased  resistance,  possi¬ 
bly  indicating  that  the  percolating  conducting  paths  formed 
by  the  network  of  nanocrystallites  are  interrupted  by  bottle¬ 
necks  or  islands.  Note  that  the  broad  peak  corresponding  to 
Cho  absorption  shifts  to  shorter  wavelength  as  n  increases,  as  a 
result  of  the  optical  field  changes  with  the  thickness. 

Previously,  it  was  shown  that  the  growth  of  an  organized  in- 
terdigitated  DA  interface  results  in  a  2.7  times  increase  in 
efficiency  in  a  CuPc/PTCBI  solar  cell*8*  over  its  planar  analog, 
but  that  architecture  showed  no  improvement  when  the 
CuPc/Cmi  system  was  used.*9*  This  lack  of  improvement  was 
attributed  to  the  long  (~40  nm)  exciton  diffusion  length*21  in 
Cm),  which  exceeded  the  interdigitated  feature  width.  The 
CuPc/PTCBI  cell  characteristic  diffusion  lengths  were 
<  10  nm.  or  half  of  the  feature  size,  hence  leading  to  the  effi¬ 
ciency  improvement  observed.  In  contrast,  the  photoresponse 
of  CuPc  and  C^o  in  the  nanocrystalline  cells  both  increase  by 
more  than  3  times,  suggesting  that  the  high  carrier  mobility  in 
the  extended,  percolating  networks  is  primarily  responsible 
for  their  improvement  in  efficiency. 

The  power  conversion  efficiency.  ^p,  is  plotted  as  a  function 
of  n  in  Figure  5d.  The  photocurrent  and  power  efficiencies  of 


unpackaged  devices  were  measured  in 
air  referenced  to  an  NREL-calibrated 
Si  detector.  Here.  //,,  =  1.4  ±  0.1  %  in 
the  bilayer  device  (n  =  0)  increases  by  a 
factor  of  3.  to  a  maximum  of 
4.4  ±  0.2  %  at  n  =  6.  corresponding  to  a 
total  thickness  of  the  nanocrystalline  re¬ 
gion  of  38  nm.  which  is  almost  double 
the  optimum  thickness  of  a  mixed 
CuPc:CW)  solar  cell  active  region. *s*  The 
efficiency  rolls  off  to  2.1  ±0.1%  at 
//  =  12.  The  power  efficiency  of  the  un¬ 
optimized  CuPc/Cm)  bilayer  control  cell 
is  consistent  with  that  reported  by  other 
groups,*30*31*  although  it  is  not  as  high  as 
the  best  reported  for  planar  cells  using 
the  same  materials  system  grown  by 
vacuum  thermal  evaporation.*26*  The  so¬ 
lar  cell  efficiency  showed  minor  (~  5  %) 
degradation  when  exposed  to  ambient 
for  24  hours. 

By  controlling  the  organic  molecule 
crystallization  conditions,  we  used 
OVPD  to  deposit  an  organic  solar  cell 
architecture  incorporating  an  all-organ¬ 
ic  nanocrystalline  network  which  has 
both  a  large  DA  HJ  interface  area  fa¬ 
vorable  for  exciton  dissociation,  and  a 
large  thickness  for  light  absorption.*’2* 
The  crystalline  order  introduces  only  a 
small  series  resistance  with  increasing 
thickness,  and  our  demonstration  has  resulted  in  a  three-fold 
increase  of  efficiency  over  planar  HJ  controls  in  a  one-to-one 
comparison.  The  solar  cell  active  region  thicknesses  are 
>  100  nm,  eliminating  shorts  commonly  observed  in  thinner 
cells,  while  also  increasing  the  active  region  thickness,  leading 
to  an  exponential  increase  in  light  absorption.  Furthermore, 
changing  the  nanocrystalline  size.*89*  varying  the  DA  ratio.*22* 
incorporating  more  than  two  molecular  components  to  obtain 
broader  coverage  of  the  solar  spectrum,  and  employing  multi¬ 
ple  cells  in  a  tandem  structure*18*  may  lead  to  even  higher  effi¬ 
ciencies.  We  emphasize  that  the  devices  reported  here  do  not 
represent  a  practical  demonstration,  which  would  only  be  pos¬ 
sible  with  large  solar  cell  modules  with  long  operational  life¬ 
times.  Rather,  our  work  demonstrates  that  control  of  the  fully 
organic  nanostructure  morphology  leads  to  highly  intercon¬ 
nected  nanocrystalline  networks  that  significantly  improve 
both  exciton  dissociation  and  charge  collection  that  have  po¬ 
tential  application  to  a  new  generation  of  solar  energy  conver¬ 
sion  devices. 

Experimental 

The  organic  source  material:  CuPc.  Cn>.  and  BCP  were  purified  by 
gradient  sublimation  prior  to  use.  The  films  were  deposited  on  a 
3(X)  nm  thick  ITO-coated  glass  substrate  (Nippon  Sheet  Glass  Co.). 
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precleaned  with  organic  solvents  and  exposed  to  ultraviolet/ozone 
before  loading  into  the  OVPD  chamber  [8,9)  with  a  base  pressure 
<  0.09  Torr.  OVPD  employed  a  continuous  flow  of  purified  N2 
through  the  organic  source  barrels  regulated  with  mass  flow  control¬ 
lers  and  a  throttle  valve.  The  substrate  temperature  7*SU|,  was  kept  con¬ 
stant  at  15  ±  0.5  °C  for  all  growth.  The  conditions  for  the  growth  of 
the  first  CuPc  continuous  layer  were:  source  temperature, 
7Vui*c  =  446  ±  1  °C;  N2  flow  rate  =  150  seem:  reactor  pressure 
P  =  0.587  ±  0.001  Torr;  and  growth  time  fg  =  1  min.  The  conditions 
for  the  last  Qo  planarizing  layer  were:  TCm  =  471  ±2°C,  N2  flow 
rate  =  100  seem.  P  -  0.421  ±  0.001  Torr.  and  /R  =  7  min.  For  the  dis¬ 
continuous  CuPc  and  Qo  nano-crystallite  growth  the  source  tempera¬ 
tures  were:  T(  uf»c  =  420  ±  1  °C,  Tc* ()  =  463  ±  2°C,  respectively.  The 
thickness  of  each  layer  grown  by  OVPD  is  limited  by  quickly  switch¬ 
ing  the  carrier  gas  flow  on  and  off  through  the  two  molecular  source 
barrels  (Fig.  lb,  inset).  Constant  N2  flow  at  20  seem  through  the  CuPc 
or  Cmj  molecular  source  barrels  was  used  during  deposition,  with  the 
same  N2  flow  used  for  9  s  between  the  switching  of  C(l0  and  CuPc  to 
minimize  material  mixing  of  the  D  and  A  molecules  in  the  chamber 
prior  to  deposition..  The  constant  flow  results  in  a  stable  pressure  of 
0.166  ±  0.007  Torr  during  the  growth  (see  Fig.  lb).  In  each  Qo/CuPc 
cycle,  C*)  was  deposited  at  a  rate  of  0.14  ±  0.01  nm  s  1  and  CuPc  was 
deposited  at  a  rate  of  0.25  ±  0.01  nm  s'1,  calibrated  from  previous 
growth  runs  where  the  product  film  thicknesses  were  measured  using 
ellipsometry.  Cone-shape  stoppers  were  used  at  the  barrel  nozzle  exit 
ports  to  prevent  organics  from  diffusing  into  the  chamber  when  the 
source  flow  is  off.  After  CuPc/C«,  growth,  the  samples  were  trans¬ 
ferred  through  a  N2  glove-box  into  a  vacuum  chamber  where  a  10  nm 
thick  BCP  layer,  and  the  I (K)  nm  thick  Ag  cathode  were  deposited 
using  thermal  evaporation  at  a  pressure  less  than  4  x  10'7  Torr 
through  a  shadow  mask  with  an  array  of  1  mm  diameter  circular 
openings. 

For  the  cross-sectional  TEM,  a  100  nm  thick  Au  layer  was  depos¬ 
ited  on  top  of  the  organic  films  to  protect  the  organic  during  the  thin¬ 
ning  process.  Two  such  pieces  were  glued  together  face-to-face.  The 
sample  was  then  ground,  polished,  and  thinned  to  less  than  100  nm  by 
ion  milling.  A  200  kV  JEOL  JEM2010F  STEM/TEM  was  used  for 
high-resolution  electron  microscopy  and  high-angle  annular  dark-field 
imaging.  SAED  was  used  for  plan-view  organic  films  pealed  off  from 
the  substrates.  The  SAED  diffraction  was  calibrated  to  Au  sample 
and  the  calculated  lattice  constants  matches  literature  values  with  er¬ 
rors  <  5%  for  a-CuPc  [33]  and  <  2.5%  for  C«t  [21).  The  absorption 
spectra  were  measured  using  a  Perkin-Elmer  Lambda  800  UV/vis 
spectrometer  for  samples  grown  on  fused  quartz  substrates. 

Solar  cell  performance  was  tested  in  ambient  conditions  in  air  with¬ 
out  encapsulation.  To  measure  the  EQE.  a  monochromatic  beam  of 
light  from  a  Xe-lamp  was  chopped  at  4(X)  Hz  and  focused  to  a  spot  on 
the  1  mm  diameter  device.  The  light  intensity  was  measured  using  a 
NREL-standard  calibrated  Si  solar  cell,  and  photocurrent  spectra 
were  measured  using  a  lock-in  amplifier  referenced  to  the  chopper 
frequency  [27].  The  J-V  characteristics  and  power-conversion  efficien¬ 
cies  of  the  devices  were  measured  using  an  Oriel  150  W  solar  simula¬ 
tor  equipped  with  AM1.5G  filters  (Newport).  We  also  checked  the 
solar  spectral  mismatch  factor.  M ,  using  AM  1.5G  spectra,  the  simula¬ 
tion  illumination  spectra  and  the  photoresponsivity  of  reference  cell, 
yielding  M  -  1.  The  difference  between  measured  and  spectrally  cor¬ 
rected  /S(  are  within  the  errors  of  our  measurements. 
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A  full-organic  donor/acceptor  (DA) 
network  formed  by  crystalline 
molecules  is  introduced  to  organic  solar 
cells.  Structural  analysis  shows  that  the 
network  is  composed  of  donor  and 
acceptor  nanocrystals.  The  increased 
DA  interface  area  increases  photo 
current  generation  and  the  intercon¬ 
nected  networks  form  conductive 
pathways  for  charge  extraction.  The 
solar  cell  using  nanocrystalline  DA 
network  shows  a  three-fold  improve¬ 
ment  on  photocurrent  over  that  of  a 
bilayer  cell  using  the  same  DA 
combination. 
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Strong  Exciton-Photon  Coupling  and  Exciton  Hybridization  in  a  Thermally  Evaporated 
Polycrystalline  Film  of  an  Organic  Small  Molecule 

R.  J.  Holmes  and  S.  R.  Forrest 

Princeton  Institute  for  the  Science  and  Technology  of  Materials  (PRISM),  Department  of  Electrical  Engineering, 
Princeton  University,  Princeton,  New  Jersey  08544,  USA 
(Received  1  April  2004;  published  28  October  2004) 

We  demonstrate  strong  exciton-photon  coupling  in  an  optical  microcavity  containing  a  thermally 
evaporated  polycrystalline  organic  thin  film.  Microcavity  polaritons  result  from  coupling  between  the 
0-0  excitonic  transition  of  3, 4, 7,8  napthalenetetracarboxylic  dianhydride  and  a  cavity  photon.  For 
thicker  films,  the  0-1  transition  also  couples  to  the  cavity  mode,  as  vibronic  relaxation  is  overcome  by 
the  short  Rabi  period  for  strong  coupling.  To  our  knowledge,  this  is  the  first  report  of  strong  coupling 
between  a  cavity  photon  and  multiple  vibronic  transitions  in  a  single  material,  made  possible  by  the 
pronounced  vibronic  absorption  features  characteristic  of  crystalline  organic  materials. 


DOI:  10. 1 103/PhysRevLett93. 186404 

4^ 

Since  the  first  demonstration  of  strong  exciton-photon 
coupling  in  an  optical  microcavity  (OMC)  [1],  there  has 
been  significant  interest  in  the  study  of  microcavity  po¬ 
laritons.  In  this  work,  OMCs  containing  the  thermally 
evaporated  polycrystalline  organic  3,4, 7,8  napthalenete¬ 
tracarboxylic  dianhydride  (NTCDA)  [2]  exhibit  strong 
coupling  and  the  hybridization  of  excitons  arising  from 
separate  vibronic  transitions  characteristic  of  this  mo¬ 
lecular  species.  Indeed,  organic  films  deposited  by  ther¬ 
mal  evaporation  offer  a  unique  means  for  exploring  the 
strongly  coupled  state:  namely,  the  ability  to  examine 
polaritonic  processes  as  a  function  of  film  morphology 
and  hence  phonon  coupling  strength  in  a  single  material. 

For  strong  coupling  to  be  observed,  narrow  absorption 
features  are  required,  implying  long  exciton  lifetimes 
during  which  coupling  to  the  cavity  photon  can  occur. 
Hence,  observation  of  strong  coupling  in  thermally 
evaporated  polycrystalline  thin  films  was  thought  to  be 
difficult  or  even  impossible  due  to  their  characteristically 
broad  and  featureless  transition  linewidths  that  arise  from 
strong  intermolecular  interactions  [2].  For  this  reason,  the 
study  of  microcavity  polaritons  in  organic  semiconduc¬ 
tors  has,  until  now,  been  confined  to  materials  that  have 
been  spun  cast  to  form  a  thin  film  [3-7].  Doping  organic 
materials  at  low  concentrations  into  a  polymer  matrix 
decreases  the  interaction  between  guest  molecules,  often 
resulting  in  a  reduction  of  the  transition  linewidth.  To  our 
knowledge,  this  is  the  first  report  of  strong  coupling  in  a 
thermally  evaporated,  crystalline  organic  thin  film,  and 
of  coupling  between  separate,  multiple  vibronic  transi¬ 
tions  in  a  single  material,  made  possible  by  their  narrow 
and  intense  spectral  lines.  This  work  opens  up  new  ave¬ 
nues  for  the  understanding  and  application  of  strongly 
coupled  states  in  this  important  class  of  semiconductor 
materials. 

To  observe  large  optical  gain  in  strongly  coupled  media 
[8,9],  we  require  efficient  scattering  from  large  wave 

0031-9007/ 04/93(18)/186404(4)$22.50 


PACS  numbers:  71.36,+c,  42.70.Jk,  72.80.Le 


vector  to  zero  wave  vector  states.  This  process  is  often 
inhibited  by  the  polariton  relaxation  bottleneck  [10].  In 
organic  materials,  an  additional  relaxation  pathway  to  the 
zero  wave  vector  state  is  available:  namely,  phonon  as¬ 
sisted  relaxation.  The  use  of  a  thermally  evaporated  or¬ 
ganic  film  allows  for  a  range  of  active  medium 
morphologies,  from  amorphous  to  polycrystalline,  and, 
consequently,  allows  for  a  range  of  phonon  coupling 
strengths.  Hence,  crystalline  or  polycrystalline  active 
media  may  enhance  the  strength  of  the  phonon  assisted 
relaxation  in  the  lower  polariton  branch,  thus  allowing 
for  a  more  efficient  population  of  the  zero  wave  vector 
state. 

Distributed  Bragg  reflectors  (DBR)  consisting  of  eight 
pairs  of  quarter  wavelength  thick  Si02  and  SiNt  layers 
were  deposited  on  quartz  substrates  using  plasma  en¬ 
hanced  chemical  vapor  deposition,  yielding  a  peak  reflec¬ 
tivity  of  95%.  A  polycrystalline  film  [  1 1]  of  NTCDA  was 
deposited  onto  the  DBR  mirror  by  sublimation  at 
10~7  Torr,  forming  a  cavity  between  the  DBR  and  a 
200  nm  A1  cap  deposited  onto  the  NTCDA  surface  by 
thermal  evaporation.  The  closely  spaced  and  pronounced 
0-0  and  0-1  absorptive  vibronic  transitions  of  NTCDA 
allow  them  both  to  be  accessed  within  a  single  DBR 
cavity  mode.  The  dispersion  relation  of  each  OMC  was 
determined  by  using  angularly  resolved  reflection  spec¬ 
troscopy,  measuring  sample  reflectivity  as  a  function  of 
excitation  wavelength  and  angle  [12].  Angular  reflectiv¬ 
ity  spectra  were  collected  under  illumination  through  the 
quartz  substrate  with  p-polarized,  monochromated  white 
light  using  a  spectroscopic  ellipsometer  at  room 
temperature. 

The  inset  of  Fig.  1  depicts  the  room  temperature  ab¬ 
sorbance  and  photoluminescence  emission  spectrum  of 
an  NTCDA  film.  The  full-width  at  half-maximum  line- 
widths  of  the  0-0  (3.19  ±  0.05  eV)  and  0-1  (3.39  ± 
0.05  eV)  transitions  are  (145  ±  5)  meV  and  (138  ± 
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5)  meV,  respectively,  while  the  Stokes  shift  between  the 
0-0  absorption  and  emission  lines  is  approximately 
30  meV.  The  0-0  and  0-1  transitions  arise  from  absorption 
from  the  S0  ground  state  vibronic  level  to  either  the  lowest 
or  the  first  vibronic  level  of  the  Sx  excited  state. 

Reflectivity  spectra  from  an  OMC  containing  a  20  nm 
thick  film  of  NTCDA  exhibit  two  clearly  defined  features, 
with  anticrossing  at  an  angle  of  0  =  28°  (Fig.  1). 
Reflectivity  peak  energies  were  extracted  using 
Gaussian  fits  to  the  multiple  absorption  features.  Both 
branches  of  the  peak  dispersion  in  Fig.  1  were  fit  by  a 
conventional  two-level  interaction  Hamiltonian  [13], 
yielding  the  energy  eigenvalues: 

e  -  {Ef.^  E'A  ±  l^(Ep  -  E'Xy  +  4V2.  (1) 

The  potential,  V,  includes  the  interaction  of  the  exciton 
and  the  cavity  photon.  Here  the  uncoupled  exciton  dis¬ 
persion  ( Eex )  is  independent  of  angle,  with  the  cavity 
photon  energy,  Epy  following  [14]? 

/  sin20\-i/2 

£„  =  E0(l--^-)  .  (2) 


Microcavities  with  40  and  60  nm  thick  active  layers 
were  also  fabricated.  In  general,  Cl  varies  as  ( aL )*/2, 
where  a  and  L  are  the  absorption  coefficient  and  thick¬ 
ness  of  the  NTCDA  layer,  respectively  [1].  Reflectivity 
spectra  collected  at  selected  angles  for  these  microcav¬ 
ities  are  depicted  in  Fig.  2.  Aside  from  the  features  arising 
from  coupling  between  the  cavity  mode  and  the  0-0 
transition  of  NTCDA,  a  third  feature  is  also  observed  at 
higher  energy,  consistent  with  coupling  to  the  0-1  tran¬ 
sition  of  NTCDA,  yielding  the  dispersion  relations  in 
Fig.  3.  Anticrossing  between  branches  is  observed,  and 
both  the  middle  and  the  upper  branches  asymptotically 
approach  their  respective  uncoupled  exciton  energies  at 
low  angle.  The  middle  branch  of  the  dispersion  relation 
for  both  thicknesses  becomes  clearly  visible  at  0  >  20°, 
whereas  the  top  branch  is  observed  at  0  >  35°,  where  this 
branch  acquires  significant  photon  character  (Fig.  4). 

The  coupled  mode  formalism  can  be  extended  to  in¬ 
clude  a  third  excitonic  oscillator  via  [15-17] 


~EP  V,  V2  “ 
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V,  Eex ,  0 

p 

—  £ 

p 

1 
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1 _ 

_  y  _ 

y  

where  the  cutoff  energy  is  £0,  and  n  is  the  effective  index 
of  refraction  of  the  uncoupled  and  nonabsorbing  cavity. 
The  fits  in  Fig.  1  were  obtained  following  Eqs.  (1)  and  (2) 
using  the  parameters  listed  in  Table  I,  yielding  V  =  (78  ± 
2)  meV.  Since  V  is  related  to  the  normal  mode  Rabi 
splitting  (i.e.,  V  =  fl/2)  [13],  then  Cl  =  (156  ±  4)  meV. 


FIG.  1.  Dispersion  relation  for  an  organic  microcavity  with  a 
20  nm  thick  NTCDA  active  layer.  The  broken  curves  are  the 
uncoupled  photon  ( P )  and  exciton  (X)  dispersion  relations  as 
determined  by  the  fitting  parameters  of  Table  I  and  Eq.  (2). 
Inset:  Room  temperature  photoluminescence  and  absorbance 
spectra  for  a  50  nm  thick  film  of  NTCDA  Absorption  peaks  at 
3.19  and  3.39  eV  are  designated  as  the  0-0  and  0-1  transitions. 


where  or,  and  y  are  the  mixing  coefficients  of  the  new 
eigenvectors  of  the  strongly  coupled  system.  Here,  two 
interaction  potentials  (Vh  V2)  are  included  in  the 
Hamiltonian  as  well  as  two  separate  uncoupled  exciton 
energy  states  (EexX,  Eex2).  The  energy  eigenvalues  can 
be  determined  numerically  to  model  the  dispersion  rela¬ 
tions  of  Fig.  3  (solid  lines),  yielding  the  parameters  in 
Table  I.  Here,  EexX  is  fixed  to  the  value  obtained  from 
the  20  nm  film,  and  Eex2  is  held  constant  for  both  the  40 
and  60  nm  films.  Branch  splittings  of  flo-o  = 
(280  ±  20)  meV  and  ft0-i  =  000  ±  20)  meV  for  the 
40  nm  film  and  fio_()  =  (360  ±  20)  meV  and  Cl{h]  = 
(120  ±  20)  meV  for  the  60  nm  film  scale  with  thickness 
following  (60  nm/40  nm)1/2  =  1.22,  as  expected 

In  Fig.  4,  the  mixing  coefficients  |a|2,  \/3\ 2,  and  |y|2 
[from  Eq.  (3)]  are  plotted  versus  angle  for  each  branch  of 
the  dispersion  relation  for  the  40  nm  thick  film.  The  lower 
branch  (Fig.  4,  top)  has  symmetrically  varying  amounts 
of  cavity  photon  and  Exx  (0-0  transition)  character,  with 
no  Ex2  (0-1  transition)  mixing.  At  the  point  of  strongest 

TABLE  I.  Model  parameters  for  20,  40,  and  60  nm  films.11 
Thickness  (nm)  E0  (eV)  n  V,  (meV)b  V2  (meV) 


20 

3.04  ±  0.05 

1.90  ±  0.05 

78  ±  2 

40 

2.88  ±  0.05 

1.80  ±0.05 

140  ±  10 

50  ± 

10 

60 

2.70  ±  0.05 

1.60  ±0.05 

180  ±  10 

60  ± 

10 

aBest  fits  were  obtained  with  uncoupled  exciton  energies  fixed 
at  Eex |  =  3.14  eV  and  Eexl  =  3.35  eV  for  all  thicknesses. 
bRabi  splittings  are  equal  to  twice  the  interaction  potentials  V] 
and  V2. 
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FIG.  2.  Reflectivity  spectra  versus  angle  of  incidence,  0,  for 
devices  consisting  of  40  nm  (top)  and  60  nm  (bottom)  thick 
NTCDA  films.  Broken  lines  indicate  a  third,  high  energy 
feature  in  the  dispersion  relation  consistent  with  strong  cou¬ 
pling  to  the  0-1  transition  of  NTCDA 

coupling  (0  —  50°),  there  is  significant  mixing  between 
the  cavity  photon  and  both  excitons  for  the  middle 
branch.  Equal  coupling  is  never  achieved,  although  suffi¬ 
cient  mixing  is  present  to  identify  the  excitonic  states  as 
hybridized.  Finally,  mixing  is  observed  between  the  cav¬ 
ity  photon  and  Ex 2  in  the  upper  branch  (bottom.  Fig.  4). 
As  the  branches  extend  to  large  angles,  some  mixing  of 
the  Ex\  state  also  becomes  apparent,  likely  a  result  of  the 
strong  coupling  between  the  cavity  and  Ex |. 


FIG.  3.  Dispersion  relations  extracted  from  the  reflectivity 
spectra  in  Fig.  2  for  40  and  60  nm  thick  films.  The  coupled 
oscillator  model  yields  splittings  of  fl0_0  =  (280  ±  20)  meV 
and  Hq-i  —  (100  ±  20)  meV  for  the  40  nm  thick  film  and  of 
Do-o  =  (360  -  20)  meV  and  H0-i  =  (120  ±  20)  meV  for  the 
60  nm  thick  film. 


Strong  coupling  in  a  polycrystalline  organic  material 
such  as  NTCDA  tests  the  conventional  application  of  the 
coupled  mode  formalism  of  Eq.  (3).  In  NTCDA,  since  the 
cavity  photon  and  exciton  modes  cannot  be  separated,  it 
is  impossible  to  define  an  “empty-cavity”  regime  be¬ 
tween  the  mirrors.  The  index  of  refraction,  ny  used  in 
Eq.  (2)  is  that  found  in  the  absence  of  the  absorber,  a 
decoupled  scheme  that  is  not  experimentally  realizable  in 
NTCDA.  Hence,  since  the  excitation  is  near  the  disper¬ 
sion  edge  of  NTCDA,  the  best  fits  to  the  data  require  that 
n  be  decreased  slightly  with  increased  film  thickness  as  a 
result  of  the  lower  cavity  photon  energies  intrinsic  to 
thicker  cavities. 

Equation  (3)  assumes  that  no  coupling  between  the  0-0 
and  0-1  excitonic  states  exists  in  the  absence  of  the  cavity 
mode.  The  large  splittings  between  the  middle  and 
upper  branches  (—100  meV)  reinforce  this  notion  since 
coupling  would  not  be  observed  due  to  competition  with 
energy  transfer  between  the  excitonic  states.  Observation 
of  exciton  hybridization  between  neighboring  vibronic 
transitions  offers  a  new  means  to  study  the  rate  of  vi¬ 
bronic  relaxation  in  organic  materials.  For  40  and  60  nm 
thick  films,  the  rate  of  strong  coupling  dominates  the  rate 
of  vibronic  relaxation  from  the  first  excited  vibronic  state, 
for  20  nm  thick  films,  coupling  to  the  0-1  transition  is 
overcome  by  vibronic  relaxation  to  the  ground  vibronic 
state.  The  Rabi  period  for  a  40  nm  thick  film  gives  a  lower 
limit  estimate  of  the  lifetime  of  the  first  excited  vibronic 
state.  More  accurate  estimates  can  be  made  by  measuring 
the  Rabi  period  as  a  function  of  film  thickness  or  concen¬ 
tration  in  a  transparent  host  (and  hence  coupling 
strength);  the  Rabi  period  prior  to  strong  coupling  being 
overcome  by  vibronic  relaxation  provides  an  estimate  of 


FIG.  4.  Mixing  coefficients  |a|2,  |/?|2,  and  |y|2  extracted 
from  fits  to  the  40  nm  thick  film  of  Fig.  3.  The  middle  branch 
has  significant  mixing  between  both  excitons  and  the  cavity 
photon  at  0  —  50°.  The  lower  and  upper  branches  of  the 
dispersion  relation  show  contributions  from  the  cavity  photon 
and  Ex |  for  the  lower  branch  and  Ex2  for  the  upper  branch. 
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the  lifetime  of  the  first  excited  vibronic  state.  This  tech¬ 
nique  should  also  permit  the  estimation  of  the  rate  of 
intersystem  crossing  (ISC)  from  the  singlet  to  triplet 
excitonic  manifolds  for  phosphorescent  organic  mole¬ 
cules,  by  gradually  reducing  the  strength  of  coupling  to 
the  singlet  until  the  coupling  is  overcome  by  ISC  to  the 
triplet  state. 

In  strongly  coupled  organic  microcavities,  only  a  frac¬ 
tion  of  the  photogenerated  states  are  thought  to  be  coher¬ 
ent  [18].  For  example,  in  J  aggregates,  it  has  been 
suggested  that  there  exists  a  cutoff  wave  vector  for  the 
lower  (upper)  branch  of  the  dispersion  relation  above 
(below)  which  states  are  localized  and  incoherent  [18]. 
These  incoherent  states  are  the  result  of  the  broad  dis¬ 
persionless  character  of  electronic  transitions  in  organic 
semiconductors  within  an  OMC.  The  incoherent  state  can 
be  excited  nonresonantly,  and  then  radiatively  transfer 
energy  to  resonantly  pump  coherent  states  of  the  lower 
branch.  This  avoids  the  polariton  bottleneck  that  exists  in 
inorganic  materials  where  exciton-phonon  coupling  is 
much  weaker,  and  the  uncoupled  exciton  state  is  itself 
coherent.  In  NTCDA,  the  exciton  linewidth  (Fig.  1)  is 
large  compared  with  the  Rabi  splitting,  and  hence  the 
majority  of  the  excited  states  at  room  temperature  are 
incoherent. 

We  have  demonstrated  strong  exciton-photon  coupling 
in  organic  microcavities  consisting  of  a  neat,  thermally 
evaporated,  polycrystalline  small  molecule  active  layer  of 
NTCDA.  Large  Rabi  splittings  are  observed,  and  exciton 
hybridization  between  a  single  cavity  mode  and  two 
neighboring  vibronic  transitions  of  NTCDA  is  understood 
using  a  three-body  coupled  oscillator  framework.  In  ad¬ 
dition  to  exhibiting  large  Rabi  splittings,  thermally 
evaporated  polycrystalline  films  provide  a  means  for 
understanding  effects  of  morphology  and  long  range  or¬ 
der  on  the  strongly  coupled  state.  The  observation  of 
strong  coupling  in  polycrystalline  materials  may  allow 
for  increased  phonon  assisted  relaxation  to  the  zero  wave 
vector  state  as  a  result  of  enhanced  phonon  coupling  in 
the  film.  This  potential  for  efficient  population  of  the  zero 
wave  vector  state  without  the  need  for  stimulated  scatter¬ 
ing  can  serve  to  elucidate  the  fundamental  differences 
between  the  strongly  coupled  state  in  organic  and  inor¬ 
ganic  semiconductors. 
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We  examine  the  influence  of  singlet-triplet  intersystem  crossing  (ISC)  and  excited-state  molecular  relaxation 
on  strong  exciton-photon  coupling  in  optical  microcavities  filled  with  small-molecular-weight  organic  materi¬ 
als.  The  effect  of  ISC  is  considered  by  comparing  coupling  effects  in  the  phosphorescent  organic  platinum(II) 
octaethylporphyrin  to  those  in  the  fluorescent  free-base  porphyrin  tetraphenylporphyrin  (TPP).  The  influence  of 
excited-state  molecular  relaxation  is  studied  by  examining  coupling  to  the  Soret  band  of  TPP.  Both  ISC  and 
excited-state  molecular  relaxation  prevent  the  population  of  polariton  states  under  nonresonant  optical  excita¬ 
tion.  The  interplay  between  strong  coupling  and  relaxation  processes  offers  a  unique  opportunity  to  directly 
probe  fundamental  ultrafast  excitonic  phenomena.  The  competition  between  coupling  in  microcavities  and 
these  processes  allows  for  estimation  of  their  relative  transition  rates. 
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1.  INTRODUCTION 

Organic  semiconductor  optical  microcavities  have  re¬ 
cently  been  studied  for  their  large  exciton  binding  energies 
(~1  eV)  and  oscillator  strengths,  leading  to  the  demonstra¬ 
tion  of  room  temperature  Rabi  splittings  (O)  exceeding 
100  meV.1-5  However,  little  attention  has  been  paid  to  other 
properties  of  organic  materials  as  they  relate  to  strong  optical 
coupling  in  microcavities,  specifically  singlet-triplet  cxciton 
intersystem  crossing  (ISC)  and  excited-state  molecular  relax¬ 
ation  processes.6  These  phenomena  influence  coupling  by 
depopulating  the  excited  state  and  competing  with  polariton 
formation,  thereby  reducing  the  potential  for  coupling  be¬ 
tween  the  exciton  population  and  the  cavity.  When  the  rate  of 
excitonic  depopulation  by  ISC  or  molecular  relaxation  ex¬ 
ceeds  the  Rabi  frequency,  strong  coupling  vanishes  and  only 
the  relaxation  is  observed.  This  competition  allows  for  the 
use  of  optical  microcavities  to  elucidate  the  relaxation  path¬ 
way  for  a  particular  excited  state.  Given  that  the  rate  of  cou¬ 
pling  at  the  point  of  quenching  is  known,  the  characteristic 
rate  of  relaxation  can  be  estimated  by  a  means  exclusively 
available  to  coupled  organic  microcavities. 

To  support  strong  coupling,  the  molecular  excited  state 
and  the  cavity  photon  must  simultaneously  exist  over  a  time 
scale  longer  than  the  Rabi  period  (equal  to  hi  Vi)1  While 
photon  lifetimes  can  be  enhanced  using  microcavities, 
excited-state  lifetimes  are  not  easily  controlled.  In  an  organic 
material,  there  exist  a  number  of  radiative  and  nonradiativc 
pathways  by  which  a  state  may  decay.  Indeed,  a  nonreso- 
nantly  pumped  excitonic  state  that  can  efficiently  relax  via  a 
nonradiativc  route  may  not  populate  a  coupled  state.  If,  how¬ 
ever,  the  state  is  resonantly  populated  at  a  lower  energy  than 
can  access  a  nonradiative  pathway,  coupling  should  be  ob¬ 
servable.  This  situation  arises  in  the  presence  of  either  ISC  or 
other  rapid  molecular  relaxation  processes. 

Here,  we  examine  the  effects  of  ISC  and  molecular  relax¬ 
ation  on  coupling  in  organic  optical  microcavities  (OMCs) 
using  small-molecular-wcight  vacuum-deposited  porphyrins: 


the  phosphor  platinum(II)  octaethylporphyrin  (PtOEP),  and 
the  fluorophor  tetraphenylporphyrin  (TPP).  The  molecular 
structure  as  well  as  thin-film  absorbance  and  photolumincs- 
cence  (PL)  spectra  for  both  molecules  are  shown  in  Figs.  1 
and  2,  respectively.  Porphyrins  arc  well  suited  for  studying 
strong-coupling  phenomena  due  to  their  narrow  and  intense 
spectral  emission  and  absorption  lines.* 

In  particular,  PtOEP  was  selected  as  a  representative  of  a 
class  of  phosphorescent  molecules  with  large  ISC  rates.  In 
the  absorbance  spectrum  of  Fig.  1,  the  Q  bands*  of  PtOEP 
each  consist  of  two  closely  spaced  transitions.  This  structure 
is  the  result  of  an  aggregate  state,  and  the  double-peaked  Q 
band  collapses  to  a  single  transition  at  2.30  eV  in  a  dilute 


12000 

ioooo  g 
§ 

8000  % 


6000 

4000 

2000 

0 


CD 

c 


E 

J3 

O 

o 

n 

CL 


FIG.  1.  The  molecular  structure,  absorbance,  and  phosphores¬ 
cence  spectra  of  a  neat  film  of  PtOEP  (broken  line.  52±5  nm  thick), 
and  doped  at  50  wt  %  in  mCP  (solid  lines,  £exc  =  2.30  eV,  62 ±5  nm 
thick).  The  Q  and  Soret  bands  arise  from  50-S|  and  50-S2  absorp¬ 
tion,  respectively.  Q{h.a )  corresponds  to  the  transition  from  the  oth 
vibronic  level  of  S0  to  the  6th  vibronic  level  of  S,  (see  Ref.  8).  Note 
the  doublet,  apparent  in  the  narrow  low-energy  peak  of  the  £>(0,0) 
transition  for  the  neat  film. 
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FIG.  2.  The  molecular  structure,  absorbance,  and  fluorescence 
(Eexc=2.82  eV)  spectra  of  a  (60±5)-nm-thick  neat  film  of  TPP.  The 
lack  of  a  central  heavy  metal  atom  splits  each  of  the  (7-band  tran¬ 
sitions  into  two  additional  transitions. 

doped  film  (Fig.  I).9  The  PL  of  PtOEP  has  been  ascribed  to 
exciton  recombination  from  the  triplet  (7^)  state,10  resulting 
in  a  large  energetic  shift  between  singlet  absorbance  and  trip¬ 
let  emission.  In  contrast,  fluorescent  TPP  molecules  have 
negligible  ISC  due  to  the  absence  of  a  heavy  metal  atom. 
Luminescence  originates  from  the  lowest-energy  singlet  state 
with  an  almost  zero  Franck-Condon  shift  (FCS)  between  the 
absorption  and  luminescence  spectra  (Fig.  2). 8 

Similarities  in  molecular  structure  between  PtOEP  and 
TPP  allow  for  the  effects  of  ISC  on  coupling  to  be  isolated 
when  examining  the  lowest-energy  absorption  features  of 
both  materials.  The  use  of  TPP  also  serves  as  a  probe  of  the 
Soret  band,  which  undergoes  rapid  molecular  relaxation  to 
the  Q  band  prior  to  emission.  By  coupling  to  the  Soret  fea¬ 
ture,  the  influence  of  excited-state  molecular  relaxation  can 
also  be  studied. 

This  work  employs  spectrally  and  angularly  resolved  cav¬ 
ity  reflectance  and  PL  to  study  strong  coupling  in  the  pres¬ 
ence  of  both  ISC  and  excited-state  molecular  relaxation.  Ex¬ 
amining  coupling  in  neat  and  doped  films  demonstrates  that 
both  ISC  and  molecular  relaxation  compete  as  nonradiative 
pathways  for  excitons  that  can  potentially  couple  to  a  cavity 
mode.  Quenching  of  strong  coupling  by  these  processes  then 
permits  estimates  of  their  rates. 

This  paper  is  organized  as  follows.  In  Sec.  II,  the  experi¬ 
mental  details  of  microcavity  fabrication  and  various  charac¬ 
terization  methods  are  described.  The  theoretical  basis  for 
understanding  our  experimental  findings  is  provided  in  Sec. 
Ill,  while  experimental  results  are  presented  in  Sec.  IV.  This 
is  followed  by  a  discussion  of  the  results  in  Sec.  V.  Conclu¬ 
sions  and  implications  of  this  work  are  provided  in  Sec.  VI. 

II.  EXPERIMENT 


triplet-triplet  annihilation. 11  To  reduce  these  effects. 
PtOEP  was  coevaporated  at  50  wt  %  into  an 
Af.N'-dicarbazolyl-3, 5-benzene  (mCP)  host.12  For  TPP.  the 
Q  band  is  luminescent  in  the  neat  film;  however,  to  observe 
strong  coupling  to  its  high-energy  Soret  band,  the  molecule 
is  codeposited  at  20  wt  %  into  the  transparent  host 
/?-bis(triphenylsilyly)benzcne  (UGH2).13  The  lumophorcs 
were  obtained  from  commercial  sources, 14,15  while  the  host 
materials  were  prepared  using  literature  procedures,  and 
were  purified  using  thermal  gradient  sublimation.1617 

Organic  microcavities  consisted  of  the  optically  active  or¬ 
ganic  film  deposited  in  vacuum  at  1(T7  Torr  by  thermal  sub¬ 
limation  onto  distributed  Bragg  reflectors  (DBRs).  Substrates 
consisted  of  either  eight  (for  the  PtOEP  Q  band,  Sec.  IV  A, 
and  the  TPP  Soret  band,  Sec.  IV  C)  or  12  (for  the  TPP  Q 
band,  Sec.  IV  B)  pairs  of  SiNv  (refractive  index  >7  —  2.00)  and 
Si02  (>7—1.46)  deposited  using  plasma-enhanced  chemical 
vapor  deposition  onto  a  quartz  substrate.  Prior  to  film  depo¬ 
sition,  the  quartz  substrates  were  cleaned  by  rinsing  in  deter¬ 
gent  and  deionized  water,  followed  by  sonication  in  acetone 
and  immersion  in  boiling  trichloroethylene  and  2-propanol. 
A  100-nm-thick  film  of  A1  deposited  by  thermal  evaporation 
at  10“ 7  Torr  onto  the  organic  film  serves  as  the  top  mirror, 
completing  the  microcavity. 

The  structures  were  examined  using  reflectivity  and  PL 
experiments.  Angularly  resolved  reflectivity  measurements 
were  carried  out  using  a  spectroscopic  cllipsomctcr  under 
/7-polarizcd  monochromated  white  light.1 8  The  PL  data  were 
collected  at  various,  independently  adjustable  angles  of  inci¬ 
dence  and  detection.  For  PtOEP,  an  InGaN  laser  diode19  with 
wavelength  \  =  408  nm  was  used  as  an  excitation  source, 
while  for  TPP  a  solid-state  laser  with  wavelength  \ 
=  475  nm  was  used  as  the  optical  pump.20  Photolumines¬ 
cence  signals  were  detected  using  a  fiber  coupled  spectrom¬ 
eter  and  streak  camera. 2,  22  The  pump  laser  was  modulated 
using  an  optical  chopper  ( 1  kHz),  and  the  streak  camera  was 
triggered  by  the  chopper. 

Optical  constants  for  all  materials  were  extracted  using  a 
Cauchy  model23  to  fit  ellipsomctric  data  collected  for  neat 
films  deposited  on  Si  substrates.  Using  films  grown  on  quartz 
substrates,  absorbance  spectra  were  obtained  using  a  Pcrkin- 
Elmcr  Lambda  800  uv-visible  spectrometer,24  while  neat  film 
PL  was  collected  using  a  Photon  Technology  International 
fluorescence  spectrometer.25 


III.  THEORY 

The  dispersion  relation  for  strong  coupling  between  a 
single  excitonic  transition  and  a  cavity  photon  can  be  mod¬ 
eled  by  a  two-level  interaction  Hamiltonian.26  yielding  the 
following  eigenvalues: 

(£.,  +  Ecx)  1  . - ; - ^ 

e  =  ^  cx~  ±  ~\(Er  -  Ecx)2  •»■  4F2.  ( 1 ) 


Both  PtOEP  and  TPP  were  used  as  neat  films  and  also  as 
dilute  guests  doped  into  transparent  organic  hosts.  Platinu- 
m(ll)  octacthylporphyrin  has  a  low  PL  efficiency  in  neat  film 
as  a  result  of  concentration  quenching  and  nonradiative 


The  potential  V  includes  the  interaction  between  the  cxciton 
and  the  cavity  photon.  The  uncoupled  cxciton  dispersion 
(£cx)  is  taken  as  independent  of  wavevector,  and  thus  also  of 
the  angle  of  incidence  measured  normal  to  the  substrate 
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plane,  while  ihe  cavity  photon  energy  Ep  follows:27 

sin2  6 \ 


=  1- 


p 

-1/2 


(2) 


Here,  the  cutolY  energy  is  £0,  and  n  is  the  effective  index  of 
refraction  of  the  uncoupled  nonabsorbing  cavity.  This  analy¬ 
sis  is  typically  applied  to  structures  in  which  an  active  ma¬ 
terial  (c.g.,  quantum  well,  organic  dye)  is  embedded  into  an 
inactive,  transparent  medium  (c.g.,  bulk  inorganic  semicon¬ 
ductor,  transparent  polymer).  In  such  cases,  the  index  of  re¬ 
fraction  of  the  cavity  is  approximately  equal  to  that  of  the 
transparent  material.  For  neat  film  OMCs,  n  should  be 
roughly  equal  to  the  index  of  refraction  far  from  the  exci- 
tonic  resonance. 

Generally,  the  Rabi  splitting  in  an  OMC  can  be  expressed 

as28 

n  \adF8* 4,v  (4x~  43v);|'/2  (3) 


where  a  and  d  are  the  absorption  coefficient  and  thickness  of 
the  active  region,  Scx  and  <5cav  arc  the  uncoupled  exciton  and 
cavity  transition  full  widths  at  half  maxima  (FWHMs)  re¬ 
spectively,  and  F  is  the  cavity  finesse.  For  a  guest  molecule 
doped  into  a  transparent  host  matrix  at  guest  concentration 
fraction  /,  Eq.  (3)  becomes 

./^^Mo^4x4av  _  (4x~  4av)2 

d0  \  4 

where  the  absorbance  of  the  doped  film  is  simply  the  product 
of  /  and  the  neat  film  absorption  coefficient  ar0,  and  where 
the  material  extinction  coefficient  is  k0  at  the  center  transi¬ 
tion  wavelength  X  (a0=47rX’0/X).  To  include  small  sample- 
to-sample  variations  in  thickness,  the  doped  layer  thickness  d 
is  divided  by  the  normalizing  thickness  d(). 

Equation  (4)  can  be  used  to  calculate  the  finesse  of  a 
given  OMC  provided  that  the  dependence  of  the  Rabi  split¬ 
ting  on  the  guest  fraction  (f  or  fd/d0)  is  known,  along  with 
the  uncoupled  physical  properties  of  the  cxciton  and  cavity 
mode: 


F= 


1 


fd/d04k0d0ScxSCi 


n2  + 


(4*-4av)2 


(5) 


This  result  can  be  compared  to  a  calculation  of  the  finesse 
based  on  mirror  reflectivities  (/?DBR  and  ^ai  f°r  ^ie  DBR  and 
Al  mirrors,  respectively):27 


FIG.  3.  Angularly  resolved  reflectivity  spectra  for  an  optical 
microcavity  containing  a  (58±5)-nm-thick  PtOEP  film.  The  broken 
lines  are  guides  indicating  the  strongly  coupled  features.  The  bold 
arrows  denote  the  2.26  and  2.43  eV  excitonic  transitions  (sec  Fig. 
1).  The  angular  dependencies  of  these  peaks  are  obscured  by  the 
two  polaritonic  transitions. 

ian  FWHMs  for  the  (/band  transitions  at  2.26±0.02  and 
2.30±0.02  eV  are  47±5  and  39±4  meV,  respectively.  The 
phosphorescence  spectrum  of  PtOEP  also  has  two  peaks, 
centered  at  1.91  ±0.02  and  l.94±0.02  eV.  The  shift  between 
the  lowest-cncrgy  singlet  absorption  and  highest-energy  trip¬ 
let  emission  is  320±30  meV. 

In  Fig.  3,  the  reflectivity  spectra  for  an  OMC  containing  a 
(58±5)-nm-thick  film  of  PtOEP  exhibit  two  strongly  coupled 
features,  with  additional  uncoupled  cxcitonic  peaks  at  2.26 
and  2.43  eV  (arrows.  Fig.  3).  Strong  coupling  occurs  be¬ 
tween  the  cavity  and  the  (7-band  transition  at  2.30  eV.  The 
peaks  at  2.26  and  2.43  eV  are  attributed  to  uncoupled  exci¬ 
tonic  transitions;  however,  their  angular  dependence  is 
masked  by  the  intense  spectral  features,  making  a  clear  as¬ 
signment  problematic. 

In  Fig.  4,  the  dispersion  relation  for  the  PtOEP-fillcd 
OMC  of  Fig.  3  is  plotted  versus  angle,  where  the  angle  of 
reflection  is  related  to  the  photon  in-planc  wave  vector  by 
sin  026  The  fits  to  the  dispersion  relation  of  Fig.  4  arc  ob¬ 
tained  using  Eq.  (1)  with  the  parameters  listed  in  Table  I 


F=  7rxV^Al)  (6) 

1  ^DBR^AI 

providing  a  consistency  check  to  Eq.  (4). 

IV.  RESULTS 

A.  Strong  coupling  in  a  phosphorescent  organic  small 
molecule:  PtOEP 

I.  Reflectivity  of  neat  PtOEP  microcavities 

In  Fig.  1,  we  show  the  room-temperature  absorbance  and 
PL  spectra  of  a  (52±5)-nm-thick  film  of  PtOEP.  The  Gauss- 


2.  Reflectivity  and  photoluminescence  of  doped  mCP: PtOEP 
microcavities 

Figure  1  also  shows  the  absorbance  and  PL  spectra  of  a 
(62±5)-nm-thick  film  of  50wt%  PtOEP  in  mCP.  The 
(7-band  absorbance  of  the  mixed  film  is  roughly  half  that  of 
the  neat  sample  of  similar  thickness  as  expected,  and  an  ad¬ 
ditional  peak  associated  with  mCP  appears  at  energies 
>4  eV  (not  shown).  Another  difference  between  the  neat  and 
doped  film  absorbance  is  that  the  doublet  of  the  £7(0.0)  tran¬ 
sition  in  the  neat  film  merges  into  a  single  peak  centered  al 
2.30  eV. 
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FIG.  4.  Dispersion  relation  extracted  from  the  spectra  of  Fig.  3 
and  fit  to  Eq.  (1)  to  yield  a  Rabi  splitting  of  fl=140±  10  nieV. 

The  inset  of  Fig.  5  shows  the  reflectivity  spectra  for  a 
cavity  containing  a  (62±5)-nm-thick  active  layer  of  a 
PtOEP-dopcd  film,  yielding  the  dispersion  curves  in  Fig.  5. 
Multiple  OMCs  were  fabricated,  keeping  the  active  layer 
thickness  constant  while  reducing  the  PtOEP  concentration 
in  mCP.  Figure  6  shows  the  dependence  of  the  Rabi  splitting 
on  the  normalized  PtOEP  fraction,  with  a  fit  to  the  data  (solid 
line)  using  Eq.  (4).  The  dependence  of  the  extinction  coeffi¬ 
cient  of  the  £2(0,0)  band  of  PtOEP  on  concentration  in  mCP 
is  plotted  in  the  inset  of  Fig.  6. 

In  previous  work  on  OMCs,  angularly  resolved  PL  has 
been  found  to  track  the  dispersion  curve  extracted  from  re¬ 
flectivity  spectra.4,29  Figure  7  shows  the  PL  from  the  mCP:P- 
tOEP  OMC  of  Fig.  5  under  excitation  at  \=408  nm 
(3.04  eV).  Photoluminescencc  is  observed  only  from  the 
PtOEP  triplet,  and  not  from  the  strongly  coupled  state.  This 
observation  is  discussed  further  in  Sec.  V. 

B.  Strong  coupling  to  the  Q  band  of  a  fluorescent  organic 
small  molecule:  TPP 

The  absorbance  of  TPP  in  Fig.  2  has  four  well-defined 
£7-band  transitions  from  1.50  to  2.50  eV. 8  The  ft(0,0)  is 
centered  at  1.90  eV  with  FWHM  of  53±5  meV.  There  is  no 
apparent  FCS  between  the  £9r(0,0)  absorption  and  the 


FIG.  5.  Dispersion  relation  for  an  optical  microcavity  containing 
a  (62±5)-nm-thick  film  of  PtOEP  doped  at  50  wt  %  into  mCP  de¬ 
termined  from  reflectivity  measurements.  Fit  to  Eq.  (1)  yields  a 
Rabi  splitting  of  fl  =  82±  10  meV.  Inset:  Reflectivity  spectra  for  the 
same  OMC  at  angles  of  36°-76°;  arrows  mark  the  positions  of  the 
strongly  coupled  features. 

highest-energy  PL  emission  (Fig.  2)  centered  at  1 .89  eV.  Re¬ 
flectivity  spectra  for  an  OMC  consisting  of  a 
(65±5)-nm-thick  layer  of  TPP  are  shown  in  the  inset  of  Fig. 
8.  Two  pronounced  features  (arrows.  Fig.  8)  arc  observed  as 
a  result  of  coupling  between  the  cavity  photon  and  the 
£2,(0, 0)  band.  For  large  angles,  a  third  feature  at  2.08  eV  is 
observed,  possibly  as  a  result  of  coupling  to  the  £2V(0,0) 
transition  (Fig.  2).  Figure  8  shows  the  dispersion  relation  for 
the  TPP-fillcd  OMC;  coupling  is  observed  with  the  strongest 
mixing  at  0=52°.  The  dispersion  curves  were  fitted  (solid 
lines)  using  Eq.  (1). 

Contrary  to  the  case  of  PtOEP,  ISC  in  TPP  is  negligible. 
Figure  9(a)  shows  PL  spectra  obtained  from  the  TPP  OMC  of 
Fig.  8  under  excitation  at  \  =  475  nm  (2.61  eV).  Emission 
from  both  branches  of  the  dispersion  curve  is  clearly  visible. 
Figure  9(b)  shows  the  agreement  between  PL  and  reflectivity 
spectra  at  a  detection  angle  of  55°  ±2°.  We  observe  that  the 
PL  dispersion  curve  (Fig.  10)  is  nearly  identical  to  that  ob¬ 
tained  from  reflectivity  experiments  (Fig.  8),  as  expected  for 
a  material  with  no  ISC  or  molecular  relaxation  processes 
present. 


TABLE  I.  Fit  parameters  for  dispersion  curves  of  Figs.  4,  5,  8,  and  1 1. 


Material 

Thickness 

(nm) 

E0  (eV) 

En  (eV) 

n 

1)  (meV) 

PtOEP 

58±5 

2.10±0.01 

2.29 

1 .95±0.04 

140±  10 

mCP:PtOEPa 

62±5 

2.06±0.01 

2.30 

1 .86±0.04 

82±  10 

TPP 

65  ±5 

l.73±0.02 

1.90 

1 .85±0.04 

42±  10 

UGH2:TPPb 

50±5 

2.68±0.02 

2.95 

1.93  ±0.04 

285±20 

aPtOEP  was  coevaporated  with  mCP  at  50  wt  %. 
bTPP  was  coevaporated  with  UGH2  at  20  wt  %. 
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Adjusted  PtOEP  fraction  (fd/dj 


FIG.  6.  Variation  of  the  Rabi  splitting  with  the  concentration  of 
PtOEP  in  mCP  in  optical  microcavities.  The  fit  is  obtained  using  Eq. 
(4)  and  a  thickness  <^0=60  nm,  with  the  cavity  finesse  as  a  free 
parameter.  Inset:  The  dependence  of  the  doped  film  extinction  co¬ 
efficient  kf  on  the  concentration  of  PtOEP  in  mCP.  The  linear  fit 
yields  an  average  neat  film  extinction  coefficient  [0(0,0)  band]  of 
0.36±0.04. 

C.  Strong  coupling  to  the  Soret  band  of  TPP 

Microcavities  tuned  to  the  Soret  band  of  TPP  were  fabri¬ 
cated  to  quantify  the  efTect  of  excited-state  molecular  relax¬ 
ation  on  strong  coupling.  In  a  neat  film,  the  Soret  band  con- 


FIG.  7.  Angularly  resolved  photoluminescence  (£exc  =  3.04  eV) 
of  the  mCP:PtOEP  optical  microcavity  of  Fig.  5.  Photolumines- 
ccncc  is  observed  from  the  uncoupled  triplet  state  as  a  result  of  ISC 
from  S2  to  excited  triplet  levels  that  prevents  the  population  of  the 
strongly  coupled  state.  Dashed  and  solid  lines  are  reflectivity  fea¬ 
tures  reproduced  from  Fig.  5.  where  solid  lines  are  the  dispersion  of 
the  low-reflectivity  DBR  sidebands.  For  small  angles,  some  photo¬ 
luminescence  leaks  through  the  low-reflectivity  sidebands  that  lie 
below  the  energy  of  the  uncoupled  T|  state.  Various  excitation 
angles  ( 0exc)  are  employed  to  trace  the  full  dispersion  of  the  cavity. 


FIG.  8.  Dispersion  relation  for  an  optical  microcavity  containing 
a  (65±5)-nm-thick  film  of  TPP.  Fitting  using  Eq.  (1)  yields  (1 
=42 ±  10  meV.  Inset:  Reflectivity  spectra  for  the  optical  microcavity 
at  reflection  angles  of  36°-76°;  arrows  denote  the  positions  of  the 
strongly  coupled  features. 

sists  of  two  peaks  centered  at  2.86±0.02  and  2.99±0.02  cV, 
with  FWHMs  of  132±13  and  270±27  meV,  respectively 
(Fig.  2).  Coupling  to  the  Soret  band  of  a  porphyrin  molecule 
has  been  previously  observed  in  a  guest-host  polymer 
system;2  however,  no  study  of  the  effect  of  molecular  relax¬ 
ation  on  the  PL  of  the  OMC  was  presented. 

Organic  microcavities  tuned  to  the  TPP  Soret  band  were 
constructed  by  doping  20  wt  %  TPP  in  a  (50±  5)-nm-thick 
film  of  UGH2.  Figures  11(a)  and  11(b)  show  reflectivity 
spectra  and  the  dispersion  relation  measured  for  this  OMC. 
In  this  film,  the  Soret  band  consists  of  two  transitions  at 
2.92±0.04  and  3.06±0.04  eV,  with  FWHMs  of  143±  14  and 
105±  10  meV,  respectively.  The  PL  observed  under  nonreso- 
nant  excitation  at  X  =  408  nm  (3.04  eV)  behaves  similarly  to 
that  of  PtOEP,  with  luminescence  only  observed  from  the 
0,(0, 0)  band.  A  typical  photolumincscencc  spectrum  for  this 
case  is  shown  in  the  inset  of  Fig.  11(b). 

V.  DISCUSSION 

A.  Reflectivity  of  PtOEP-based  microcavities 

The  dispersion  curves  of  Figs.  4  and  5  were  both  fitted  to 
Eq.  (1)  using  the  parameters  in  Table  I.  In  the  case  of  neat 
PtOEP  microcavities,  the  Rabi  splitting  is  large,  11 
=  140±10  meV,  consistent  with  the  large  absorbance  of  the 
0(0,0)  band  of  PtOEP.  In  comparison,  the  fits  obtained  for 
OMCs  based  on  an  active  layer  of  50  wt  %  PtOEP  in  mCP 
show  a  reduced  Rabi  splitting  of  11  =  82±  10  meV,  consistent 
with  the  reduction  of  the  absorbance  of  PtOEP  accompany¬ 
ing  this  dilution. 

Adjusting  the  concentration  of  the  active  material  in  a 
transparent  host  matrix  allows  for  a  reduction  in  the  Rabi 
splitting.  Figure  6  shows  the  dependence  of  the  Rabi  splitting 
on  the  normalized  PtOEP  fraction  (fd!d0)  following  the 
square  root  dependence  of  Eq.  (4).  The  data  were  fitted  using 
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FIG.  9.  (a)  Photoluminescence  spectra  for  the  TPP  optical  microcavity  of  Fig.  8  for  £exc=2.61  cV  excitation  at  normal  incidence  and 
detection  angles  ranging  from  30°  to  60°.  Both  branches  are  clearly  visible  (dotted  lines),  with  the  lower  branch  being  significantly  more 
intense,  (b)  Comparison  of  the  reflectivity  and  photoluminescence  spectra  obtained  for  the  TPP  OMC  at  a  detection  angle  of  55°  ±2°. 
Multipeak  fitting  allows  photoluminescence  from  both  branches  to  be  resolved,  and  agreement  is  obtained  with  the  reflectivity  spectrum  for 
the  same  OMC  at  the  same  excitation  angle. 


Eq.  (4)  with  the  cavity  finesse  as  the  adjustable  parameter. 
The  £?(0,0)-band  extinction  coefficient  was  measured  as  a 
function  of  concentration  for  PtOEP  in  mCP  to  determine  k{h 
in  Fig.  6,  inset.  Since  we  expect  kf=fk^,  where  Ay  is  the 
extinction  coefficient  of  the  doped  film,  we  obtain  a  neat  film 
£?(0,0)-band  extinction  coefficient  of  A0=0.36±0.04  from 
the  fit  (solid  line). 

The  FWHM  of  the  exciton  transition  was  determined  by 
fitting  a  Gaussian  to  the  extinction  coefficient  feature  cen- 


FIG.  10.  The  nonresonantly  excited  photoluminesccnce  (sym¬ 
bols.  £exc=2.61  eV)  and  reflectivity  (solid  lines)  from  a  (65±5)- 
nm-thick  TPP  optical  microcavity.  Photoluminescence  is  observed 
from  both  the  upper  (open  symbols)  and  lower  (closed  symbols) 
polariton  branches  near  the  point  of  strongest  coupling.  Excitation 
at  both  zero  and  70°  allows  for  the  resolution  of  the  full  OMC 
dispersion  in  photoluminescence.  The  (DBR)  sideband  prevents  the 
detection  of  upper-branch  photoluminescence  at  small  angles. 


tered  at  2.30  eV  and  averaging  values  obtained  for  different 
concentrations.  This  leads  to  a  mean  exciton  linewidth  of 
£cx=55±5  meV,  which  differs  from  the  neat  film  where  Scx 
=  39±4  meV  (Fig.  1).  This  difference  is  due  to  the  aggregate 
peak,  observed  only  in  the  neat  film. 

The  uncoupled  cavity  mode  linewidth  was  determined 
from  the  reflectivity  of  an  OMC  containing  a 
(58±5)-nm-thick  mCP  film.  A  fit  to  a  Gaussian  at  a  low 
angle  of  excitation  (16°)  gives  a  cavity  mode  linewidth  of 
<$cav=82±  10  meV.  With  these  parameters,  Eq.  (4)  is  used  to 
determine  the  cavity  finesse  F=J8.4±0.6.  This  is  compared 
to  a  calculation  of  the  finesse  based  on  the  mirror  reflectivi¬ 
ties  of  £DBR=  0.95 ±0.01  and  /?A)  =  0.92±0.01 ,3()  from  which 
we  infer  F=  23.3 ±0.4.  The  discrepancy  between  the  two  val¬ 
ues  reflects  the  uncertainty  in  the  determination  of  the  cavity 
mode  linewidth.  Even  off  resonance,  the  presence  of  PtOEP 
in  mCP  will  affect  the  cavity  mode  FWHM  as  is  apparent  in 
Fig.  3,  where  the  FWHM  of  the  lower  polariton  branch  at 
low  angle  (16°)  is  —51  meV,  yielding  a  finesse  of  —28.  At 
this  angle,  the  polariton  is  photonlike,  and  hence  should 
closely  resemble  the  cavity  mode  in  both  energy  and  shape. 

B.  Photoluminescence  of  mCP:PtOEP  microcavities 

While  originating  from  the  coupled  state,  relaxation  be¬ 
tween  branches  often  results  in  PL  only  being  visible  from 
the  lower  polariton  branch.4  29  In  the  presence  of  ISC,  how¬ 
ever,  the  situation  is  different.  Figure  7  shows  the  PL  from 
the  PtOEP  OMC  of  Fig.  5  under  excitation  at  \  =  408  nm 
(3.04  eV).  The  excitons  relax  via  phonon  emission  through 
the  S2  manifold,  and  then  subsequently  relax  from  the  vi- 
bronic  ground  state  of  S2  to  S|  by  internal  conversion  at  a 
slower  rate.  If  the  molecule  relaxes  into  the  lowest  vibronic 
level  of  S|,  it  couples  to  the  cavity  photon,  exhibiting  PL 
from  the  coupled  state.  In  PtOEP,  this  relaxation  is  hindered 
by  the  rapid  ISC  of  the  S2  exciton  into  an  excited  triplet  state. 
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Angle  (degrees) 


FIG.  11.  (a)  Reflectivity  spectra  for  an  optical  microcavity  consisting  of  a  (50±5)-nm-thick  film  of  TPP  doped  at  20  wt  %  into  UGH2. 
Arrows  indicate  the  positions  of  the  strongly  coupled  features;  the  upper  polariton  is  obscured  by  the  sideband  of  the  distributed  Bragg 
reflector  at  low  angles,  (b)  Dispersion  relation  extracted  from  the  reflectivity  spectra  of  (a)  showing  strong  coupling  between  the  cavity 
photon  and  the  Soret-band  excitonic  transition.  The  dispersion  relation  is  fitted  using  Eq.  (I)  with  a  Rabi  splitting  of  U=280±20  meV.  Inset: 
Photoluminescence  observed  from  a  20  wt  %  TPP  in  UGH2  OMC  at  an  excitation  angle  of  0CXC=  10°  and  energy  £cxc=3.04  eV,  and  detected 
at  0n  =45°. 


making  the  observation  of  strongly  coupled  PL  problematic. 
Given  rapid  ISC  or  sufficiently  nonresonant  excitation,  only 
uncoupled  triplet  emission  can  be  observed.  This  behavior  is 
illustrated  in  Fig.  7  for  PtOEP  OMCs.  Photoluminescence  is 
observed  for  the  uncoupled  T]—*S()  transition  with  additional 
luminescence  channeled  through  the  low-reflectivity  side¬ 
bands  of  the  DBR.  Figure  12(a)  shows  the  energy  level  struc¬ 
ture  of  PtOEP.  Under  excitation  into  the  Soret  band,  excitons 
undergo  ISC  directly  into  an  excited  triplet  level.  The  triplet 
cxciton  relaxes  by  phonon  emission  and  internal  conversion 
to  the  vibronic  ground  state  of  Th  and  then  subsequently 
undergoes  radiative  recombination. 

Previous  work  has  shown  that  the  quenching  of  strong 
coupling  by  nonradiative  processes  such  as  ISC  or  molecular 


FIG.  12.  Energy  level  diagrams  for  (a)  PtOEP  and  (b)  TPP  ex¬ 
tracted  from  absorption  measurements  (vibronic  level  splittings  not 
to  scale). 


relaxation  permits  estimates  of  their  transition  rates.1  In  Fig. 
6,  the  concentration  of  PtOEP  in  mCP  is  reduced  to  increase 
the  Rabi  period  of  the  system  above  r,sc  [cf.  Eq.  (4)],  so  that 
coupling  vanishes  and  ISC  becomes  the  dominant  relaxation 
pathway  (i.e.,  t,sc<  TRabi  =  ///n).  For  PtOEP,  ISC  is  observed 
to  compete  with  strong  coupling  when  the  Rabi  splitting  is 
on  the  order  of  Scx  and  £cav;  thus  resolving  the  Rabi  splitting 
becomes  difficult  when  ISC  dominates.  If  the  splitting  were 
resolvable  at  lower  concentrations,  or  if  the  rate  of  ISC  was 
larger,  it  would  be  possible  to  accurately  estimate  r,S(.  In  a 
guest-host  system  such  as  PtOEP  doped  into  mCP,  a  cross¬ 
over  concentration  (Jx)  is  defined  as  the  guest  concentration 
for  which  strong  coupling  is  overcome  by  relaxation,  and 
hence  is  no  longer  observed.  An  estimate  to  r,sc  can  be  made 
by  calculating  the  Rabi  splitting  at  the  crossover  point  fx 
giving  simply: 

T|SC=it’  (?) 

where  fiA.  is  the  Rabi  splitting  calculated  at  the  concentration 
fx  using  Eq.  (4)  and  Fig.  6.  Since  this  point  is  not  clearly 
resolved  in  data  for  PtOEP,  we  estimate  a  lower  limit  for  the 
ISC  transfer  time  of  rlsc^  100  fs  (corresponding  to /=0.15). 

The  resolution  of  this  measurement  of  r,sc  can  be  im¬ 
proved  by  observing  the  low-temperature  reflectance  (or  ab¬ 
sorbance),  thus  narrowing  coupled  features  to  better  resolve 
the  splitting  at  lower  concentrations.  Additionally,  a  phos¬ 
phor  with  a  shorter  rISC  than  PtOEP  would  result  in  the  loss 
of  strong  coupling  for  larger  values  of  the  Rabi  splitting, 
making  the  competition  with  ISC  easier  to  resolve.  The  chal¬ 
lenge  with  using  materials  with  very  short  r,sc  (c.g..  Ir-based 
phosphors31 32)  is  that  their  absorbance  spectra  consist  of 
several  broad  and  overlapping  transitions. 
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C.  Reflectivity  and  photoluminescence  of  TPP  microcavities 
/.  Q-band  transition  of  TPP 

The  dispersion  relation  of  Fig.  8  was  fitted  using  Eq.  (1), 
with  the  parameters  listed  in  Table  1,  including  a  Rabi  split¬ 
ting  of  H  =  42±10  meV.  The  Rabi  splitting  for  coupling  to 
the  Qv(0,0)  band  of  TPP  is  significantly  smaller  than  that 
observed  for  coupling  to  the  Q(0,0)  band  of  neat  PtOEP  due 
to  the  larger  absorbance  associated  with  the  latter  molecule 
(Figs.  1  and  2). 

In  Fig.  9(a),  PL  spectra  for  the  TPP  OMC  of  Fig.  8  are 
shown.  Luminescence  from  both  the  upper  and  lower 
branches  is  clearly  resolved.  For  angles  much  larger  than  the 
anticrossing  point,  it  is  difficult  to  determine  whether  the 
upper  branch  is  present,  since  the  lower-branch  PL  intensity 
masks  the  weak  nearby  transitions.  Figure  9(b)  demonstrates 
the  agreement  between  PL  and  reflectivity  spectra  collected 
for  the  same  OMC  at  the  same  detection  angle  of  55°  ±2°. 
The  consistently  low  intensity  of  the  upper  branch  is  likely 
the  result  of  branch-to-branch  relaxation.  In  Fig.  10,  the  dis¬ 
persion  relation  extracted  from  the  PL  spectra  of  Fig.  9(a) 
agrees  with  the  dispersion  relation  acquired  from  reflectivity 
measurements.  From  the  observation  of  PL  from  the  coupled 
state  in  TPP  OMCs,  we  infer  that  the  lack  of  strongly 
coupled  PL  from  mCP:PtOEP  OMCs  is  the  result  of  ISC  in 
the  phosphor. 

2.  So  ret- band  transition  of  TPP 

Microcavitics  consisting  of  20  wt  %  TPP  in  UGH2  ex¬ 
hibit  large  Rabi  splittings  of  11  =  280±20  meV.  The  disper¬ 
sion  curves  in  Fig.  11(b)  were  fitted  using  Eq.  (1),  with  pa¬ 
rameters  given  in  Table  I.  From  the  reflectivity  spectra  of 
Fig.  11(a),  it  is  apparent  that  the  upper  branch  is  present  at 
small  angles  of  excitation;  however,  the  exact  position  of  the 
upper  branch  at  these  angles  cannot  be  accurately  extracted 
due  to  interference  from  the  DBR  sideband. 

Under  optical  excitation  at  \  =  408  nm  (3.04  eV),  20  wt  % 
TPP  in  UGH2  exhibited  PL  from  the  uncoupled  Q-band  tran¬ 
sition,  but  not  from  the  strongly  coupled  state  [Fig.  11(b), 
inset].  This  confirms  that  molecular  relaxation  leads  to  non- 
radiative  exciton  decay  prior  to  reaching  the  lowest  vibronic 


level  in  the  Soret  band.  In  solution,  relaxation  from  the  TPP 
Soret  band  to  the  Q,.(1,0)  band  occurs  in  less  than  50  fs 
without  populating  the  lowest  Soret  vibronic  as  an  interme¬ 
diate  step.33  The  energy  diagram  for  TPP  is  shown  in  Fig. 
12(b).  Excitation  into  the  Soret  band  leads  to  rapid  molecular 
relaxation  directly  from  an  excited  vibronic  level  of  S2  to  the 
5,  manifold.  This  is  consistent  with  the  observation  of  un¬ 
coupled  Q-band  (5j)  PL  from  Soret  band  OMCs. 

VI.  CONCLUSION 

We  have  demonstrated  strong  cxciton-photon  coupling  in 
phosphorescent  materials  with  dominant  ISC  and  excited- 
state  molecular  relaxation  pathways.  Under  resonant  excita¬ 
tion,  coupling  is  sufficiently  intense  to  overcome  dissipative 
losses  of  the  radiative  state.  For  the  case  of  nonresonant  ex¬ 
citation,  ISC  and  excited-state  molecular  relaxation  compete 
with  strong  coupling.  In  the  phosphor  PtOEP,  relaxation  to 
the  coupled  state  is  circumvented  by  ISC  from  S2  to  an  ex¬ 
cited  triplet  manifold.  In  contrast,  for  the  fluorophor  TPP,  the 
dispersion  relations  obtained  from  PL  and  reflectivity  data 
are  similar  since  there  is  no  ISC  to  disrupt  relaxation  into  the 
Q(0,0)  band.  Coupling  is  defeated  for  nonresonant  excita¬ 
tion  of  the  TPP  Soret  band  since  relaxation  from  an  excited 
vibronic  level  of  the  Soret  band  to  the  QV(1,0)  band  occurs 
without  passing  through  the  ground  state. 

The  quenching  of  strong  coupling  by  ISC  and  excited- 
state  molecular  relaxation  offers  a  means  to  study  ultrafast 
relaxation  phenomena.  Further,  strong-coupling  quenching 
allows  for  estimates  of  the  relative  transition  rates  of  these 
relaxation  processes.  In  this  work,  r,sc>  100  fs  is  found  for 
PtOEP;  however,  the  rate  of  ISC  for  PtOEP  is  too  slow  to 
allow  for  an  upper  limit  to  be  determined  using  analysis  of 
the  OMC  spectral  response  data.  Phosphors  with  even 
shorter  ISC  relaxation  times,  which  are  challenging  to  mea¬ 
sure  using  conventional  means,  should  be  well  suited  for 
measurements  based  on  strong-coupling  phenomena. 
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The  recombination  dynamics  of  geminate  polaron  pair  (PP)  states  arc  investigated  by  monitoring 
clcctric-field-induced  delayed  fluorescence  in  thin  Aims  consisting  of  the  green  laser  dye. 
Coumarin-6  (C6)  doped  at  1  wt  %  into  4.4'-bis(A/-carbazolyl)biphenyl.  We  find  that  the  PP  decay 
follows  r~m  (with  m  —  0.1),  where  ris  the  time  that  the  PPs  are  held  in  the  field.  This  sublinear  decay 
suggests  the  possibility  for  accumulation  of  PPs  over  time  that  can  then  be  reconverted  into  excitons 
upon  field  removal.  We  demonstrate  the  generation  of  short  (—50  ns  full  width  at  half  maximum) 
bursts  of  C6  fluorescence  with  peak  intensities  >20  times  the  steady-state  fluorescence  intensity 
(corresponding  to  a  C6  singlet  exciton  density  Ns> 4  X  1015  cm3)  when  pumped  continuously  by  a 
low  intensity  (<1  W/cm2)  laser  in  the  presence  of  a  pulsed  electric  field.  ©  2006  American 
Institute  of  Physics.  [DOl:  10.1063/1.2385840] 

The  past  several  years  have  witnessed  substantial 
progress1*"  in  the  development  of  optically  pumped  organic 
semiconductor  lasers  (OSLs),  with  the  ultimate  goal  of 
achieving  electrically  pumped  lasing.  Efforts  to  create  an 
electrically  pumped  OSL  are  driven  by  the  broad  wavelength 
tunability  and  high  temperature  stability  of  their  emission 
characteristics  that  have  been  demonstrated  in  optically 
pumped  devices.3  Several  factors  have  prevented  the  realiza¬ 
tion  of  an  electrically  pumped  OSL,  including  singlet-triplet 
and  singlct-polaron  annihilation.4  increased  cavity  loss  re¬ 
sulting  from  polaron  and  excited  state  absorption,^  and  high 
waveguide  loss  due  to  incorporation  of  injecting  electrodes 
into  the  cavity.1 

In  contrast  to  optical  excitation,  electrical  injection  intro¬ 
duces  polarons  in  addition  to  forming  three  triplet  excitons 
for  every  singlet.6,7  Both  singlet-triplet  and  singlet-polaron 
annihilation  reactions8,9  can  dramatically  quench  the  radia¬ 
tive  singlet  density  under  high  electrical  injection.4  Quench¬ 
ing  by  these  species  is  worsened  under  electrical  excitation 
since  triplet  and  polaron  densities  are  — 1000  times  higher 
than  the  singlet  density  due  to  their  comparatively  longer 
lifetimes  (5*10  /is).  Attaining  high  singlet  density  in  the  ab¬ 
sence  of  triplets  and  polarons,  as  in  the  case  of  optically 
pumped  OSLs,  is  crucial  to  reaching  the  lasing  threshold.4 

Here,  we  investigate  the  recombination  dynamics  of 
metastablc  geminate  polaron-pair  (PP)  states  by  monitoring 
the  electric-ficld-induced  delayed  fluorescence  produced  by 
the  gucst/host  system  of  Coumarin-6  (C6)  doped  into 
4.4'-bis(/V-carbazolyl)biphenyl  (CBP).  We  use  low  intensity, 
continuous-wave  (cw)  optical  pumping  in  the  presence  of  a 
pulsed  electric  field  to  accumulate  a  high  density  of  meta¬ 
stable  PP  states  over  time,  that  are  then  rapidly  reconverted 
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into  excitons  upon  removal  of  the  electric  field,  leading  to 
peak  singlet  densities  of  ~4  X  1015  cm"3.  This  suggests  a 
method  to  reach  laser  threshold  excitation  densities' 
(~1017  cm'3)  by  continuously  pumping  with  a  low  intensity 
(<1  W/cm2)  optical  source.  In  comparison  with  direct  elec¬ 
trical  injection,  free  polaron  densities  should  be  reduced  by 
this  process,  and  triplet  exciton  formation  is  expected  to  be 
minimal  based  on  previous  work  concerning  the  spin- 
conserving  nature  of  geminate  pair  recombination.8, 1,1 

Field-induced  delayed  fluorescence  has  been  observed 
previously  in  ladder-type  poly(para-phenylene) 
polymers.10  11  In  those  studies,  samples  were  excited  by  a 
laser  pulse  in  the  presence  of  an  electric  field,  and  at  times 
long  after  the  natural  photoluminescent  (PL)  decay,  a  burst  of 
luminescence  was  observed  upon  removal  of  the  field.  It  was 
concluded  that  a  portion  of  the  initially  generated  singlet 
excitons  forms  interchain  PPs  that  can  be  stabilized  against 
geminate  recombination  by  the  external  electric  field,  which 
acts  to  screen  the  PP  Coulomb  potential.  When  the  field  is 
removed,  rapid  reformation  into  singlet  excitons  occurs, 
which  then  radiatively  decay  in  a  fluorescence  burst.  Here, 
we  study  this  phenomenon  in  the  small  molecule  guest/host 
system  consisting  of  1  wt  %  C6  doped  into  the  host  material 
CBP. 

Devices  consisted  of  a  symmetric  organic  insulator 
(50  nm)/organic  semiconductor  active  layer 
( 1  (X)  nm)/organic  insulator  (50  nm)  stack  sandwiched  be¬ 
tween  two  electrodes  to  form  a  capacitor.  Commercially 
available  Teflon  AF  was  used  for  the  insulating  layers  due  to 
its  high  thin-film  dielectric  breakdown  strength 
(>2  MV/cm)  (Ref.  12)  and  optical  transparency  in  the  ul¬ 
traviolet.  The  organic  layers  were  thermally  evaporated  in 
sequence  onto  a  prccleancd11  indium  tin  oxide  (ITO)  coated 
glass  substrate  under  a  vacuum  of  10'7  Torr.  The  active  layer 
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Time  (ns) 

FIG.  I  Luminescence  transients  for  CBP  (\<400  nm,  dashed  line)  and  C6 
(X>490nm.  solid  line)  measured  in  the  vicinity  of  voltage  turnoff.  The 
timing  relationship  between  excitation  and  voltage  pulse  is  shown  at  lower 
left.  Inset:  Spectrum  of  the  prompt  photoluminescence. 


consists  of  CBP  coevaporated  with  C6  at  a  100:1  weight 
ratio.  The  devices  were  completed  by  depositing  a  100  nm 
thick  A1  cathode  through  a  shadow  mask  with  an  array  of 
1  mm  diameter  openings.  For  testing,  samples  were  loaded 
into  an  electrically  and  optically  accessible  cryostat  evacu¬ 
ated  to  50  mTorr.  Luminescent  transients  were  collected  by 
focusing  light  from  each  device  into  a  Hamamatsu  C4334 
streak  camera.  Electrical  pulses  were  provided  at  a  rate  of 
17  Hz  by  an  HP41 14A  pulse  generator,  connected  in  parallel 
to  the  50  H  termination  of  an  oscilloscope  to  monitor  the 
voltage  transient.  Device  capacitances  were  measured  to 
be  —260  pF  at  1  MHz,  resulting  in  a  RC  time  constant  of 
— 13  ns. 

Approximately  1  /Lis  after  the  application  of  a  V=40  V 
pulse,  a  \=337  nm  wavelength  N2  laser  pulse  (600  ps  dura¬ 
tion,  6.8  /xJ  energy,  focused  to  a  1  mm  diameter  spot)  was 
incident  on  the  device  through  the  ITO  contact.  This  wave¬ 
length  is  strongly  absorbed  in  CBP  (a=2  X  10s  cm-1  at 
337  nm),  but  not  in  C6  (\r=450  nm).  Accounting  for  the 
dielectric  constants  of  the  organic  layers  (£Teflon=  1 .9.  £org 
=  3.0).  this  applied  voltage  translates  into  a  uniform  field  of 
1 .6  MV/cm  across  the  active  layer.  The  streak  camera  detec¬ 
tion  window  was  synchronized  to  observe  the  point  of  volt¬ 
age  turnoff,  occurring  at  a  time  r  following  laser  excitation. 

As  shown  in  Fig.  1  for  r=  1 1 5  ns,  a  burst  of  only  C6 
luminescence  appears  (rise  time  —20  ns)  upon  field  removal, 
independent  of  bias  polarity.  The  large  fraction  of  CBP  lumi¬ 
nescence  in  the  prompt  spectrum  (Fig.  I,  inset)  arises  from 
incomplete  CBP— »C6  Forster  transfer  that  results  from 
donor/acceptor  spectral  mismatch.  Note  that  the  long  lifetime 
component  of  the  CBP  transient  is  likely  the  result  of  re¬ 
population  of  the  CBP  singlet  from  triplet-triplet 
annihilation.14  The  C6  transient  also  contains  this  component 
as  a  result  of  the  CBP— >C6  transfer. 

After  background  subtracting  the  long-time  component 
from  the  C6  transient,  we  find  that  the  burst  decay  is  mo¬ 
noexponential  with  lifetime  7>=13±2ns.  This  is  signifi¬ 
cantly  longer  than  the  natural  lifetime  of  C6.  rC6 
=  2.1  ±0.1  ns,  measured  in  these  devices.  However,  it  corre¬ 
sponds  well  with  the  calculated  RC  time  constant.  Thus,  for 
short  holding  times  (r<10/xs),  the  burst  dynamics  are 
likely  limited  by  the  discharge  of  the  electric  field  across  the 
device." 
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FIG.  2.  Decay  of  ihc  time-integrated  burst  intensity  vs  holding  electric  held 
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Figure  2  shows  the  energy  of  the  C6  burst  as  a  function 
of  r.  The  burst  energy  declines  over  four  orders  of  magnitude 
in  time  according  to  r“"\  where  m  — 0. 1.  This  is  cjualitativcly 
similar  to  the  behavior  found  in  polymers;1 11  _  however, 
the  exponent  in  that  case  was  m  —  0.5.  The  slow  power  law 
decay  and  the  low  degree  of  dispersion  in  burst  transients 
with  variation  in  r  are  reflective  of  the  stability  of  the  PPs 
against  dissociation.  Indeed,  energetic  disorder  is  crucial  to 
the  burst  phenomenon  since  PPs  that  relax  into  the  tail  of  the 
density  of  states  have  their  motion  restricted,  increasing  the 
likelihood  that  they  will  remain  correlated  while  in  the  elec¬ 
tric  field. 

The  field-delayed  burst  was  not  observed  in  neat  CBP 
films.  Nor  does  it  occur  in  CBP-C6  devices  if  the  excitation 
wavelength  is  below  the  optical  gap  of  CBP.  where  only  C6 
molecules  are  excited.  Thus,  the  use  of  a  guest/host  system  is 
critical  to  generate  the  stable  PP  stales  that  create  the  fluo¬ 
rescence  burst.  Here,  the  energetic  difference  in  the  highest 
occupied  molecular  orbital  (HOMO)  levels  of  C6  and  CBP 
(5.4  and  6.3  eV,  respectively1*  lg)  provides  a  driving  force  to 
break  the  strongly  bound  [EB  —  1  cV  (Ref.  20)]  CBP  Frenkel 
excitons.  The  hole  is  then  localized  on  the  C6  HOMO  in  the 
potential  well  created  by  the  surrounding  CBP  molecules. 
This  further  stabilizes  the  PP  against  complete  dissociation, 
since  only  the  low  mobility  electron  is  capable  of  hopping 
out  of  the  mutual  Coulomb  potential. 

Due  to  the  sublinear  decay  in  density,  PPs  can  accumu¬ 
late  at  a  rate  of  roughly  r,_'"  by  continuous  optical  pumping. 
To  accomplish  this,  we  use  the  \  =  325  nm  line  of  a  cw  HeCd 
laser,  focused  to  a  I  mm  diameter  spot  (0.9  W/cnr)  on  the 
same  devices  as  in  the  N2  pumped  experiments.  Voltage 
pulses  of  45  V  were  superimposed  upon  a  -5  V  dc  bias.  The 
interpulse  reverse  bias  offset  removes  free  charges  resulting 
from  fully  dissociated  PPs  generated  during  the  pulses  by 
aiding  their  recombination.  For  detection,  sample  lumines¬ 
cence  is  filtered  (long  pass  cutoff  at  \>450  nm)  to  isolate 
the  C6  emission.  The  PL  is  focused  onto  a  Hamamatsu 
C5460  Si  avalanche  photodiode  (APD)/preamplilier  module 
(/r=  10  MHz). 

Figure  3(a)  shows  the  APD  output  for  r=  10.  20.  40.  and 
80  /x s.  A  postpulse  burst  of  luminescence  that  grows  in  pro¬ 
portion  to  ris  observed.  A  magnified  view  of  the  increase  in 
burst  intensity  is  shown  in  the  inset:  the  burst  transients  arc 
limited  by  the  APD  frequency  response. 

We  quantify  the  intensity  of  the  burst  through  the  en¬ 
hancement  factor  M.  equal  to  the  ratio  of  the  burst  intensity. 

/b  ..  to  the  steady-state  luminescence  intensity,  /ss.  Figure 
AIR  license  or  copyright;  see  http://apl.aip.org/apl/copyright.jsp 
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FIG.  3.  (a)  Measured  APD  output  showing  the  growth  in  burst  intensity  for 
r=l().  20.  40,  and  80  fis.  Inset:  Burst  transients  shown  at  increased  time 
resolution,  (b)  Plot  of  M.  for  two  devices  with  different  insulating  barrier 
thicknesses  .rlfU.  The  solid  lines  show  fits  to  Eq.  (2)  with  m=0.1  and 
A/PPO/A/ss=0.0l4±0.002  and  0.033 ±0.003  for  rins=20  nm  and  rins=50  nm. 
respectively. 


3(b)  shows  M  plotted  versus  pulse  width  r  for  two  devices  of 
differing  insulating  barrier  thickness,  „tins,  but  with  identical 
total  device  thicknesses.  Here,  the  excited  stale  density  of  the 
burst,  ./Vex,  shown  on  the  right-hand  scale,  is  calculated  by 
estimating  the  steady-state  C6  singlet  density  Nss  as 

..  /o(X/*r)[0.86]^c6rC6 

Nss  = - - -  0) 

^Labs 

and  scaling  as  NfX  =  MNss.  In  Eq.  (I ),  /0  is  the  incident  laser 
intensity  (W/  cm2)  and  h  is  Planck’s  constant.  Since  the  ac¬ 
tive  layer  thickness,  *a)=  100  nm,  is  double  the  CBP  absorp¬ 
tion  length,  Labs=50  nm  at  \  =  325  nm,  roughly 
(1  -exp(-x,|/Labs)  =  0.86)  of  the  incident  pump  is  absorbed  in 
a  single  pass  through  the  active  layer,  making  cathode  reflec¬ 
tion  and  other  microcavity  effects  negligible.  The  fraction, 
0C6=78%,  of  CBP  excitations  is  transferred  to  C6  mol¬ 
ecules.  as  estimated  from  the  relative  magnitudes  of  CBP  and 
C6  emission  in  the  PL  spectrum  (see  Fig.  I,  inset). 

The  early  r  portions  of  each  curve  are  fitted  using  the  PP 
decay  power  law  with  m=0. 1.  That  is. 

M  =  lVs--+7P-1—  =  I  +  (A WNss)r|-m.  (2) 

NSs 

where  /VPP0  is  the  number  of  initially  generated  singlets  that 
can  undergo  the  singlet— >PP—>  singlet  chain  of  conversions. 
The  roll-off  onset  in  M  occurring  at  rcril  [see  Fig.  3(b)]  re¬ 
sults  from  a  buildup  of  space  charge  over  time  due  to  those 
PPs  that  completely  dissociate.  The  resulting  space  charge 
creates  an  opposing  internal  field  that  cancels  the  applied 
field,  reducing  M.  Thinning  the  insulating  barriers  to 
xins=20  nm  [Fig.  3(b)]  allows  some  of  the  accumulated  space 
charge  to  tunnel  out  of  the  device.  The  result  is  an  improve¬ 


ment  of  Tcnl  by  a  factor  of  6,  and  an  increase  in  the  peak 
enhancement  to  M  =  22.  corresponding  to  a  C6  singlet  den¬ 
sity  of  /Vex=4X  I015  cm"3.  Electrical  generation  of  compa¬ 
rable  singlet  density  would  require  a  current  density 
y>30A/cnr.  where  it  has  been  shown  that  both  pump- 
induced  absorption^  and  annihilation  losses  arc  already 
significant.4 

In  summary,  we  have  investigated  the  decay  dynamics  of 
external-field-stabilized  geminate  polaron  pairs  in  the  C6/ 
CBP  guest/host  system  by  monitoring  the  field-induced  de¬ 
layed  fluorescence  bursts  following  voltage  turnoff.  The  PP 
density  decays  sublinearly  according  to  r"#”  (with  m  —  0.1). 
We  show  that  geminate  PPs  can  be  accumulated  under  con¬ 
tinuous  optical  pumping,  and  then  rapidly  (<10  ns)  recon¬ 
verted  into  singlet  excitons.  The  cancellation  of  the  external 
field  by  an  internal  space-charge  field  arising  from  fully 
dissociated  PPs  currently  limits  the  maximum  attainable 
PP  density.  A  peak  singlet  exciton  density  of 
yvcx=4  X  1015  cm”3  is  obtained  under  low  intensity  optical 
pumping  (0.9  W/cm2),  with  expectations  for  future  improve¬ 
ment  toward  the  ultimate  goal  of  reaching  laser  threshold 
when  integrated  within  an  optical  microcavity. 
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We  demonstrate  strong  exciton-photon  coupling  and  photon-mediated  hybridization  between  the  Frenkel  and 
Wannier-Mott  excitons  of  an  organic-inorganic  hybrid  optical  microcavity.  Hybridization  occurs  between  the 
Frenkel  excitons  of  the  small  molecular  weight  organic  tetraphenylporphyrin  and  the  Wannier-Mott  excitons  of 
InGaP  quantum  wells.  This  mixed  state  consists  of  10%  Frenkel  and  Wannier-Mott  excilon  and  80%  cavity 
photon  character,  and  persists  up  to  temperatures  of  100  K. 
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I.  INTRODUCTION 

The  absorption  of  light  in  a  semiconductor  can  lead  to  the 
creation  of  a  bound  electron-hole  pair,  known  as  an  exciton. 
Frenkcl-type  excitons  arc  commonly  found  in  organic  semi¬ 
conductors  and  have  large  binding  energies  (~~1  eV)  and 
small  Bohr  radii  (~1  nm).  In  contrast,  W  annier-Mott  exci¬ 
tons  are  associated  with  inorganic  semiconductors  and  are 
weakly  bound  (~10  meV)  with  large  Bohr  radii  (~10  nm). 
An  exciton  placed  in  an  optical  microcavity  can  interact  with 
the  photon  mode  of  the  cavity.1  If  the  resonance  leads  to  a 
splitting  (anticrossing)  between  the  coupled  exciton  and 
cavity-photon  eigenstates,  the  system  is  identified  as 
“strongly  coupled."2  Furthermore,  when  multiple  excitons  of 
a  single  type  (either  Frenkel  or  Wannier-Mott)  are  confined 
within  the  microcavity,  they  may  hybridize  by  each  strongly 
coupling  to  the  cavity  photon  field.1-7  The  eigenstates  of  the 
strongly  coupled  exciton-photon  system  are  called  microcav¬ 
ity  polaritons.2-* 

Microcavity  polaritons  were  first  reported  in  inorganic 
(GaAs-based)  semiconductor  structures  at  low  temperature.2 
Observations  of  the  strongly  coupled  state  are  generally  lim¬ 
ited  to  low  temperature  in  inorganic  materials  as  a  result  of 
thermal  linewidth  broadening  and  the  small  Wannier-Mott 
oscillator  strength.  In  contrast,  the  study  of  strong  coupling 
in  organic  materials  has  only  recently  received  attention.  Or¬ 
ganic  materials  arc  interesting  in  this  context  due  to  their 
large  exciton  oscillator  strengths  and  binding  energies.  These 
properties  lead  to  a  stronger  interaction  with  the  cavity 
mode,  and  a  stable,  strongly  coupled  state  at  room  tempera¬ 
ture.  Strong  coupling  has  been  reported  in  a  variety  of  spun- 
cast  and  solution-processed  organic  materials.9-13  as  well  as 
in  thermally  evaporated  thin  films.4-14 

When  multiple  excitonic  resonances  are  coupled  using  a 
single  cavity  mode,  the  excitons  are  said  to  be  hybridized  (or 
mixed).  In  inorganic  semiconductors,  exciton  hybridization 
has  been  explored  by  coupling  quantum  wells  of  varying 
thicknesses  to  a  cavity.6  and  also  by  simultaneously  coupling 
the  light  and  heavy-hole  excitonic  transitions  of  a  single 
quantum  well  (QW)  to  a  common  cavity  photon  mode.15 


Hybridization  has  been  observed  in  organic  materials  be¬ 
tween  detuned  molecular  absorbers  in  a  cavity,3-16  and  be¬ 
tween  the  neighboring  vibronic  transitions  of  a  single  mo¬ 
lecular  material.4 

In  addition,  the  existence  of  a  hybrid  Frenkcl/Wannicr- 
Mott  polariton  state  has  been  predicted  theoretically  and  is 
expected  to  exhibit  unique  nonlinear  optical  properties.1 7-18 
The  study  of  hybrid  cavity  polaritons  can  also  lead  to  an 
improved  understanding  of  energy  transfer  between  semicon¬ 
ductor  systems  with  vastly  different  properties.  However,  to 
our  knowledge,  prior  to  this  work  there  has  not  been  an 
experimental  demonstration  of  hybridization  between  the 
Frenkel  exciton  resonance  of  an  organic  material  and  the 
Wannier-Mott  exciton  resonance  of  an  inorganic  QW.  In  con¬ 
trast  to  earlier  work  with  polaritonic  states,  this  state  would 
involve  the  coupling  of  two  fundamentally  different  exci¬ 
tonic  oscillators. 

Here,  wc  provide  evidence  for  coupling  between  an  exci¬ 
ton  in  tetraphenylporphyrin  (TPP),  a  red  absorbing,  small 
molecular  weight  organic  material,  and  that  in  the  QWs  of 
Ino^Gao^P  via  a  common  optical  cavity  mode.  The  poor 
intermolecular  overlap  present  in  small  molecular  weight  or¬ 
ganic  materials  such  as  TPP  leads  to  the  formation  of  Frenkel 
excitons  upon  optical  excitation.  In  a  Group  III— V  inorganic 
semiconductor  such  as  InGaP,  optical  excitation  leads  to  the 
formation  of  highly  delocalized  Wannier-Mott  excitons  due 
to  the  large-scale  order  and  periodicity  of  the  crystal  lattice. 

This  paper  is  organized  as  follows.  Section  II  contains  the 
experimental  details  describing  the  fabrication  of  various  mi¬ 
crocavity  structures.  The  experimental  results  arc  presented 
in  Sec.  III.  The  theoretical  framework  for  interpreting  the 
results  followed  by  a  discussion  of  the  results  is  given  in  Sec. 
IV.  Conclusions  are  presented  in  Sec.  V. 

II.  EXPERIMENTAL 

The  device  structure  is  shown  in  Fig.  I  and  consists  of 
two  optically  active  semiconductor  regions  (an  InGaP  QW 
structure  and  a  film  of  the  fluorescent  organic  TPP)  sand¬ 
wiched  between  dielectric  and  semiconductor  distributed 
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FIG.  1.  The  organic- inorganic  semiconductor  microcavity  struc¬ 
ture  used  to  observe  strong  coupling  between  Frenkel  and  Wannier- 
Mott  excitons  through  their  mutual  interaction  with  a  common  cav¬ 
ity  mode. 

Bragg  reflectors  (DBRs).  The  QWs  were  placed  in  sets  of 
three  at  the  electric  field  antinodcs  of  the  structure  to  maxi¬ 
mize  the  interaction  between  the  cavity  photon  and  the  QW 
exciton.  The  bottom  DBR  mirror  consists  of  a  24-pair  DBR 
composed  of  undoped  Al046Gao54As  (nAjGaAs=3.45)  and 
AlAs  (nA|As= 3.04).  grown  by  gas  source  molecular  beam 
epitaxy  (GSMBE),  on  a  (100)  GaAs  substrate.  Following 
this,  nine  12-nm-thick  In052Ga(J48P  QWs  with  12.5-nm-thick 
(Al04Gao6)In05P  barriers  were  similarly  grown  to  form  the 
inorganic  active  region.  A  320-nm-thick  layer  of  TPP  was 
deposited  on  a  room  temperature  substrate  onto  the 
(AlGa)lnP  spacer  layer  by  vacuum  thermal  sublimation  in  a 
chamber  with  a  base  pressure  of  approximately  10“ 7  Torr. 
The  deposition  conditions  result  in  highly  polycrystalline 
films.  The  (AlGa)InP  spacer  thickness  (75  nm)  is  sufficient 
to  prevent  Forster  energy  transfer  between  the  QWs  and 
Tpp  ^  j0  complete  the  structure,  a  5.5  pair  DBR  consisting 
of  Ti02  (^Tio3  =  2.30)  and  Si02  (wSjo2=J  *46)  was  deposited 
on  top  of  the  TPP  by  rf  magnetron  sputtering.  Angularly 
resolved  reflectivity  spectra  for  the  full  organic-inorganic  mi¬ 
crocavity  were  collected  as  a  function  of  temperature  under 
white  light  excitation  through  the  Ti02/Si02  DBR  stack.20 

The  refractive  index  profile  and  the  spatial  variation  of  the 
optical  field  intensity  within  the  microcavity  are  shown  in 
Fig.  2.  The  spacing  and  placement  of  the  InGaP  quantum 
well  sets  were  optimized  to  provide  maximum  overlap  be¬ 
tween  the  QWs  and  the  optical  field  profile. 

To  understand  the  nature  of  the  Wannier-Mott  polariton 
states,  an  inorganic  microcavity  was  also  fabricated  by  first 
growing  the  AlGaAs/GaAs  DBR,  followed  by  the  InGaP 
MQW  structure.  The  sample  was  capped  by  depositing  a 
dielectric  mirror  [seven  pairs  of  SiNr  (nSlS=2.\0)  and  Si02 
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FIG.  2.  The  refractive  index  profile  and  calculated  electric  field 
intensity  distribution  (normal  incidence)  in  the  structure  of  Fig.  I. 


(wSio?=  J-46)]  on  top  of  the  inorganic  QW  structure  by 
plasma-enhanced  chemical  vapor  deposition.  Angularly  re¬ 
solved  reflectivity  spectra  were  collected  through  the 
SiNv/Si02  DBR  stack. 


III.  RESULTS 

Quantum  wells  comprised  of  InGaP  are  a  suitable  partner 
for  TPP  (£Frenke(=  1 .90±0.02  eV,  measured  at  300  K).  given 
their  heavy-hole  excitonic  absorption  in  the  red  at 
^Wannier-Mott =  0  *972 ± 0.002  eV)  at  4  K.  Figure  3  shows  the 
absorbance  spectrum  of  TPP  at  room  temperature,  as  well  as 
the  reflectivity  spectrum  of  the  inorganic  component  of  the 
hybrid  microcavity  structure  at  an  angle  of  65°  at  4  K.  The 


FIG.  3.  The  room  temperature  absorbance  of  tctraphenylporphy- 
rin,  and  the  low-temperature  (4  K)  reflectivity  of  the  inorganic 
InGaP/ (AlGa)lnP  quantum  well  component  of  the  hybrid  structure 
at  an  angle  of  65°.  Excitonic  absorption  features  in  the  inorganic 
quantum  wells  are  denoted  by  solid  arrows. 
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Energy  (eV) 


FIG.  4.  (a)  Reflectivity  spectra  at  4  K  from  an 

InGaP/(AIGa)InP  semiconductor  quantum  well  microcavity  struc¬ 
ture  for  angles  of  incidence  ranging  from  37.5°  to  55°.  The  arrows 
denote  features  resulting  from  the  strong  coupling  of  the  cavity 
mode  and  the  heavy-hole  exciton  transition  of  InGaP  at 
£wannier-Mou=  1-972  eV.  (b)  The  dispersion  relation  extracted  from 
the  reflectivity  spectra  of  (a).  The  fits  (solid  lines)  are  obtained 
using  a  coupled  oscillator  model  (see  text)  with  a  splitting  of 
flinoap=IO  meV. 

stop  band  of  the  AIGaAs/AIAs  DBR  is  clearly  visible  from 
1 .86  eV  to  2.03  eV,  as  are  three  separate  dips  in  the  reflec¬ 
tivity  spectrum.  The  large  dip  centered  in  the  DBR  stopband 
is  a  weak  cavity  mode  resulting  from  reflection  between  the 
AIGaAs/AIAs  DBR  and  the  spacer/air  interface.  The  two 
smaller  dips  on  the  high-energy  side  of  the  DBR  correspond 
to  heavy-hole  and  light-hole  excitonic  absorption.  Previous 
work  has  demonstrated  that  TPP  can  effectively  form  polari- 
tons  in  an  optical  microcavity  at  room  temperature.14 

As  a  precursor  to  the  study  of  the  hybrid  structure,  the 
angularly  resolved  reflectivity  of  a  purely  inorganic  micro- 
cavity  was  measured  at  4  K  [see  Fig.  4(a)].  The  resulting 
dispersion  curve  is  shown  in  Fig.  4(b)  and  is  fit  using  a 
coupled  oscillator  model.  To  our  knowledge,  there  has  been 
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FIG.  5.  (a)  Reflectivity  spectra  at  100  K  for  the  hybrid  organic- 
inorganic  semiconductor  microcavity  structure  of  Fig.  I.  The  three- 
body  coupling  between  the  Frenkel  and  Wannicr-Mott  excilons  and 
the  cavity  mode  is  denoted  by  the  broken  lines,  (b)  Transfer  matrix 
simulations  of  the  reflectivity  of  the  hybrid  organic-inorganic  mi¬ 
crocavity  structure  in  Fig.  I.  Qualitative  agreement  is  obtained  with 
the  experimental  spectra  of  (a). 

no  report  on  the  use  of  the  red-emitting  InGaP  as  an  active 
material  for  strongly  coupled  devices. 

Angularly  resolved  reflectivity  spectra  collected  at  100  K 
for  the  full  hybrid  organic-inorganic  structure  are  shown  in 
Fig.  5(a).  In  the  transfer  matrix  simulations  of  Fig.  5(b),  the 
Wannier-Mott  excitonic  transition  of  InGaP  is  modeled  as  a 
Lorentzian  oscillator1  with  a  heavy  hole  oscillator  strength  of 
/hh=4  9  X  1012  cm”2,  a  full  width  at  half  maximum  (FWHM) 
of  Yhh=7  meV,  a  background  dielectric  constant  of  *;h 
=  1 1.5,  and  a  center  transition  energy  of  1.957  eV.  The  val¬ 
ues  of  /hh  and  yhh  are  determined  by  fitting  the  transfer  ma¬ 
trix  simulation  to  reflectivity  spectra  collected  from  the 
inorganic-only  structure  of  Fig.  4  as  well  as  the  hybrid  struc¬ 
ture  of  Fig.  5(a).  The  Frenkel  excitonic  transition  of  TPP  is 
modeled  using  a  peak  absorbance  of  a=2.8  X  104  cm"1, 
yjpp=42  meV,  a  background  index  of  refraction  of  nTPP 
=  2.12,  and  a  center  transition  energy  of  1.917  eV.  The  val¬ 
ues  of  a  and  yjpP  were  determined  from  low-temperature 
transmission  measurements  made  on  a  film  of  TPP  deposited 
on  a  quartz  substrate. 

In  cases  where  the  Rabi  splitting  is  comparable  to  the 
polaritonic  linewidth,  absorbance  measurements  (A)  arc  fa¬ 
vored  over  reflectivity  (R)  as  the  most  quantitative  measure 
of  strong  exciton-photon  coupling.1 21  In  the  hybrid  organic- 
inorganic  microcavity  studied  here,  the  structure  is  purposely 
unbalanced,  with  the  reflectivity  of  the  AIGaAs/AIAs  back 
mirror  exceeding  that  of  the  Ti02/Si02  front  mirror.  This 
imbalance  leads  to  the  transmission,  T<R  for  this  structure 
on  resonance,  such  that  the  absorbance  is  A  —  \-R.  Trans¬ 
mission  spectra  were  calculated  for  the  hybrid  structure  as  a 
function  of  angle  using  transfer  matrices,  and  in  all  cases  T 
<  \  %  on  resonance.  This  result  further  validates  the  use  of 
reflectivity  measurements  in  Fig.  5(a)  to  examine  the 
strongly  coupled  state. 
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FIG.  6.  (a)  Measured  rcflcctivily  spectrum  at 
100  K  al  an  angle  of  57.5°.  Also  shown  is  the 
multiple  Lorcnizian  function  deconvolution  of 
the  spectrum  used  to  extract  the  peak  positions  of 
each  feature.  Some  raw  data  points  have  been 
omitted  in  order  to  increase  the  visibility  of  the 
Lorenlzian  fits,  (b)  Simulated  reflectivity  spec¬ 
trum  at  the  same  angle.  All  three  coupled  features 
are  clearly  visible  in  both  the  measured  and  simu¬ 
lated  spectra. 


IV.  DISCUSSION 

In  Fig.  4(a),  a  clear  anticrossing  is  observed  that  results 
from  strong  coupling  between  the  cavity  photon  and  the 
heavy-hole  excitonic  transition  of  the  InGaP  QWs  at  4  K. 
The  resulting  dispersion  [Fig.  4(b)]  can  be  modeled  using 
coupled  oscillators  with  a  cavity  cutoff  energy  E0 
=  1 .920  e V.  an  average  cavity  refractive  index  of  3.27,  and  a 
splitting  of  fl|nGaP=  10  mcV.  The  uncoupled  light-hole  exci- 
lonic  transition  is  also  observed  in  the  reflectivity  spectra  of 
Fig.  4(a),  and  is  included  in  the  dispersion  curve. 

In  the  hybrid  structure,  three  separate  features  are  ob¬ 
served  in  reflectivity  at  100  K  [Fig.  5(a)].  For  small  angles 
(0<47.5°),  two  features  dominate  the  spectra  and  show  a 
pronounced  anticrossing.  These  features  result  from  strong 
coupling  between  the  Frenkel  exciton  and  the  cavity  mode. 
As  the  angle  of  incidence  is  further  increased,  a  third  feature 
emerges  near  the  excitonic  resonance  of  the  inorganic  QWs, 
and  all  three  features  anticross  with  increasing  angle  of  inci¬ 
dence.  For  these  intermediate  angles  (47.5°  <  0<6O°),  the 
two  excitons  of  the  system  are  mixed  with  each  other,  and 
with  the  cavity  photon.  The  positions  of  the  three  coupled 
features  are  denoted  by  the  broken  lines  in  Fig.  5(a).  At  large 
angles  (0>  60°),  two  features  dominate  the  spectrum, 
namely,  coupling  between  the  Wannier-Mott  exciton  and  the 
cavity  mode.  The  polarilonic  linewidths  observed  at  high 
angles  are  significantly  narrower  than  those  encountered  at 
low  angles  because  the  uncoupled  Wannier-Mott  exciton 
linewidth  is  much  narrower  than  that  of  the  uncoupled  Fren¬ 
kel  exciton  (see  Fig.  3). 

Figure  5(b)  shows  transfer  matrix  simulations  of  the  re¬ 
flectivity  at  angles  of  incidence  corresponding  to  those  in 
Fig.  5(a).  In  these  simulations,  both  excitons  are  modeled  as 
Lorentz  oscillators  using  the  parameters  discussed  in  Sec.  III. 
The  simulations  qualitatively  agree  with  experimental  data. 
Slight  discrepancies  result  from  uncertainties  in  the  low- 
temperature  refractive  indices  used  in  the  calculation. 


Figures  6(a)  and  6(b)  compare  in  detail  the  experimental 
data  collected  at  100  K  at  an  angle  of  57.5°  with  the  simu¬ 
lated  reflectivity  spectrum  at  the  same  angle,  respectively.  All 
three  coupled  features  are  clearly  visible  in  both  spectra.  In 
Fig.  6(b),  the  multiple  Lorentzian  function  deconvolution  of 
the  spectrum  used  to  extract  the  peak  positions  of  each  fea¬ 
ture  is  also  shown.  Lorentzian  functions  were  used  to  fit  and 
extract  the  peak  centers  of  each  feature  in  the  reflectivity 
spectra  of  Fig.  5(a)  as  functions  of  the  angle  of  incidence. 

For  a  microcavity  with  coupling  between  a  cavity  photon, 
and  Frenkel  and  Wannier-Mott  excitons,  the  dispersion  rela¬ 
tion  is  modeled  as  a  three-body  coupled  oscillator,4"*' :: 


Ep  ^Frenkel 

^Wannier-Mott 
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(X 

^Frenkel  ^Frenkel 
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=  t: 
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y  _ 

where  a%  /?,  and  y  are  the  mixing  coefficients  of  the  new 
eigenvectors  of  the  strongly  coupled  system.  Here,  two  inter¬ 
action  potentials  (FFrenkel,  VWanmcr_Molt)  are  included  in  the 
Hamiltonian,  as  are  the  two  uncoupled  exciton  energies 
(fprenkei-^wannier  Muu)-  The  cavity  photon  dispersion.  can 
be  expressed  in  terms  of  the  angle  of  incidence  as  Ep 
=  £0(1  -sin2  0/ai2)",/2.  where  E0  is  the  cutoff  energy  and  n  is 
the  cavity  index  of  refraction/ 

The  dispersion  relations  for  the  hybrid  structure  arc 
shown  in  Figs.  7(a)  and  8(a)  for  temperatures  of  1  (X)  K  and 
4  K,  respectively.  For  the  dispersion  of  Fig.  7(a),  the  energy 
eigenvalues  (e)  were  determined  numerically  using  Eq.  ( I ). 
where  1.861  eV,  Eprcnkej— 1 .917  eV,  ^Wannier-Mott 

=  1.957  eV,  /j  =  2.79,  VFrcnkc,=  10  meV,  and  FWanmcr_Mon 
=  4  meV.  The  dispersion  curve  at  4  K  [Fig.  8(a)]  is  fit  using 
E0=  1 .865  eV,  £Frenke|=  1 .91  8  eV.  £Wannicr.Motl  =  1.970  eV. 

=  2.81.  VFrcnke,=  l  1  meV  and  VWannicr.Molt=4  mcV.  The  value 
of  the  interaction  potential,  FWannicr.MoU=4  mcV,  is  consis¬ 
tent  with  that  of  0|nGaP/2=5  mcV  obtained  from  the  inor¬ 
ganic  InGaP  microcavity  of  Fig.  4.  The  uncoupled  Frenkel 
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FIG.  7.  (a)  Dispersion  relation  extracted  from  the  reflectivity 
spectra  of  Fig.  5.  The  pronounced  anticrossings  result  from  strong 
coupling  to  both  the  organic  Frenkel  exciton  and  the  inorganic 
Wannier-Mott  exciton.  A  three-body  coupled  oscillator  model  (solid 
lines)  yields  interaction  potentials  of  Fprcnkei =  ^  me V  and 
V Wunmer-Moit = 4  meV.  (b)  Mixing  coefficients  |cr|2,  \$\2.  and  |y|2  ex¬ 
tracted  from  the  fits  of  (a).  The  middle  branch  shows  significant 
mixing  between  both  the  Frenkel  and  Wannier-Mott  excitons  and 
the  cavity  photon. 

exciton  energy  used  in  the  fit  is  blue-shifted  in  comparison  to 
its  value  at  room  temperature.  This  shift  is  consistent  with 
temperature-dependent  transmission  measurements  sepa¬ 
rately  performed  on  films  of  TPP  deposited  on  quartz  sub¬ 
strates.  The  uncoupled  Wannier-Mott  energy  used  in  the  fit 
agrees  with  the  value  determined  from  Fig.  3. 

In  Fig.  7(b).  the  mixing  coefficients  |cr|3,  |/?|2,  and  |y|2 
[from  Eq.  (I)]  arc  plotted  versus  angle  for  each  branch  of  the 
hybrid  dispersion  relation  of  Fig.  7(a).  The  lower  polariton 
branch  [bottom.  Fig.  7(b)]  has  symmetrically  varying 
amounts  of  cavity  photon  and  Frenkel  exciton  character.  The 
middle  polariton  branch  exhibits  significant  mixing  between 
the  cavity  photon  and  both  excitons  with  the  point  of  stron¬ 
gest  coupling  occurring  at  0—54°,  where  the  branch  charac¬ 
ter  consists  of  equal  parts  Frenkel  and  Wannier-Mott 
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FIG.  8.  (a)  Dispersion  relation  obtained  for  the  hybrid  structure 
of  Fig.  1  at  temperature  of  4  K.  A  three-body  coupled  oscillator 
model  (solid  lines)  yields  interaction  potentials  of  Phrenkl.| 
=  11  meV  and  VWannieT.Moll=4  meV.  (b)  Mixing  coefficients  |tr|:. 
|/?|2.  and  |y|2  extracted  from  the  fits  of  (a). 

(—10%).  and  —80%  cavity  photon  [middle.  Fig.  7(b)],  In 
the  upper  branch,  mixing  is  observed  between  the  cavity 
photon  and  the  Wannier-Mott  cxcitonic  resonance  [top.  Fig. 
7(b)],  and  at  large  angles  some  mixing  of  the  Frenkel  exciton 
also  occurs  as  a  result  of  the  strong  coupling  between  the 
cavity  and  the  Frenkel  state. 

At  4  K,  the  absorbance  of  the  InGaP  QWs  is  blue-shifted, 
and  hence  we  expect  a  reduction  in  the  mixing  between  the 
two  excitonic  states.  Indeed,  the  exciton  hybridization  of  the 
middle  branch  in  the  hybrid  structure  is  weaker  at  4  K  than 
at  100  K,  with  the  branch  character  consisting  of  equal  parts 
Frenkel  and  Wannier-Mott  (—7%).  and  —86%  cavity  pho¬ 
ton.  as  shown  in  Fig.  8(b).  For  temperatures  above  100  K. 
the  three-body  coupling  becomes  increasingly  difficult  to  re¬ 
solve  since  the  linewidth  of  the  Wannier-Mott  exciton  be¬ 
comes  comparable  to  the  splitting  between  the  middle  and 
the  upper  branches. 
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V.  CONCLUSION 

We  have  demonstrated  strong  exciton-photon  coupling 
between  the  Frenkel  exciton  of  an  organic  semiconductor 
and  the  Wannier-Mott  cxciton  of  inorganic  QWs  through 
their  mutual  interaction  with  a  cavity  photon.  The  hybridized 
exciton-polariton  state  is  modeled  as  a  three-body  coupled 
oscillator.  Hybrid  Frenkel-Wannicr-Mott  polaritonic  states 
arc  expected  to  exhibit  nonlinear  optical  behavior  that  draws 
on  the  properties  of  both  component  excitons.  Namely,  this 
unusual  eigenstate  has  been  predicted  to  possess  the  large 
exciton  oscillator  strength  of  a  molecular  Frenkel  exciton 
and  the  low  saturation  density  typical  of  inorganic  Wannier- 
Mott  excitons.17  In  addition,  the  hybrid  state  may  provide  a 
path  for  exciting  the  organic  polariton  by  cither  optical  or 


electrical  means.1  s  This  is  especially  significant  as  there  has 
yet  to  be  a  successful  demonstration  of  an  electrically 
pumped  organic  laser.  In  addition  to  being  useful  in  the  de¬ 
sign  of  unique  optoelectronic  devices,  hybrid  states  provide 
an  opportunity  to  study  the  storage  and  transfer  of  energy 
between  different  cxcitonic  species. 
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